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Lay Abstract

Traditional foam bicycle helmets prevent skull fracture, but do not prevent many brain
injuries, such as concussion. Honeycomb could be a suitable alternative due to its ability to absorb
energy in the loading direction that causes head rotation, to prevent brain injuries. An elastic
honeycomb helmet design was proposed to protect against brain injury and to be reusable for
multiple impacts.

Quasi-static testing was performed on flat honeycomb samples to determine the most
suitable design. The honeycomb design was scaled for real-world impacts and the design was
incorporated into the form of a full-scale helmet. Helmet prototypes were 3D-printed for future
testing.

This work presented a new helmet design that has potential to prevent brain injury in a
bicycle accident, and as such, reduce its social and economic burden. As well, the honeycomb
helmet design showed potential for reusability, which would have substantial benefits to

consumers.

v



Abstract

Bicycling is a popular activity around the world and a frequent source of head injury.
Traditional expanded polystyrene (EPS) foam helmets reduce the risk of skull fracture (caused by
the radial contact forces), but do not reduce the risk of diffuse traumatic brain injury (TBI), such
as concussion (caused by rotational motion of the head from the tangential forces). Hexagonal
honeycomb could be suitable for head protection due to its energy absorbing capabilities and
anisotropy, where it is weaker under shear loading to reduce rotation. Therefore, a helmet design
was proposed that is made of hexagonal honeycomb with 5-7 defects to accommodate the
curvature of the head and made of thermoplastic polyurethane (TPU) to be potentially reusable for
multiple impacts.

The properties of flat honeycomb samples were explored, where 3D-printing was
employed for rapid prototyping. Two arrangements of 5-7 defects were tested and shown to
decrease the strength of the honeycomb. A relative density most suitable for head protection was
determined based on the results of quasi-static compression and shear testing.

As real-world accidents occur at higher rates, dynamic impact tests were performed on the
chosen honeycomb design, with various impact conditions. Honeycomb showed greater anisotropy
than EPS foam, which is beneficial for diffuse TBI protection, and potential to be reusable. The
results were used to scale the honeycomb design for dynamic impact conditions. A helmet model
was developed based on the geometry of an existing EPS foam helmet and helmet prototypes were
3D-printed to be used in future drop tower impact tests.

This work presented a new helmet design that has potential to reduce the risk of sustaining

TBI in a bicycle accident, and as such, reduce its social and economic burden. As well, the
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honeycomb helmet design showed potential for reusability, which would have substantial benefits

to consumers.
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Chapter 1 — Introduction

Overview: Bicycling is a popular activity around the world and a frequent
source of head injury. Limitations of current helmets suggest the need for a new
design. This chapter outlines the anatomy of the head and brain, the forces present
in real-world bicycle accidents, common head injuries, and current gaps in helmet
design and testing. A new bicycle helmet concept is introduced, and study objectives

are defined for developing and testing the design.!

1.1 Motivation

Bicycling is a popular activity around the world as a form of exercise and means of
transportation. Although bicycling provides health benefits [1], it is also a frequent source of
injury. Over 600,000 individuals are treated in emergency rooms in the United States for bicycle-
related injuries each year [2]. Of these, about 30% involve head injuries [2], which include skull
fracture, facial fracture, and traumatic brain injury (TBI) [3]. Further, head injuries are the most
common cause of death in bicycle-related accidents [4—6]. A case-control study that looked at
coroner’s data from bicycle-related fatalities in Canada determined that 55% were caused by head
injuries [6]. Non-fatal head injuries also have long-term effects on quality of life, primarily due to
irreversible brain damage [7]. The economic cost to society due to bicycle-related head injuries is

estimated at approximately $3 billion per year in the United States [2].

! Due to the interdisciplinary nature of this work, a glossary of frequently used anatomical terms is included in

Appendix A.
1
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Traumatic brain injury is one of the leading causes of disability around the world and
contributes to approximately 30% of all injury deaths [8]. Bicycling is the leading cause of sports-
related TBIs treated in US emergency departments [9]. According to the Centers for Disease
Control and Prevention, 596,972 individuals were treated in US emergency rooms for bicycle-
related TBIs from 2009 to 2018 [10]. This number is likely even higher since less-severe head
injuries are often not treated in emergency rooms and therefore go unreported [11].

Traditional expanded polystyrene (EPS) foam helmets effectively reduce the risk of
fractures and severe TBI [12—14]. However, there is no scientific evidence that EPS foam helmets
reduce the risk of diffuse TBI, such as concussion. Therefore, there is a need for advanced bicycle
helmet technology that provides enhanced protection to reduce the frequency of TBI, and its social

and economic burden.

1.2 Anatomy of the Head and Brain

The skull, also called the cranium, is a bony structure that encloses the brain (Figure 1.1).
The brain is a complex organ, that with the spinal cord, makes up the central nervous system [15].
The brain has three parts: the cerebrum, the cerebellum, and the brainstem. The cerebrum makes
up the majority of the brain’s volume and is made up of two types of brain tissue: the cortex/grey

matter and the white matter [16].
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Skull/Cranium——

Brain

Figure 1.1: The Human Brain and Skull
The skull/cranium encloses the brain, which is made up of the cerebrum, cerebellum, and brain
stem.

Under the cranium are the meninges — three membranes with the function of protecting the
brain against trauma (Figure 1.2). The membrane closest to the skull is called the dura mater,
which is a thick, strong layer of connective tissue. The term epidural refers to the space between
the skull and the dura mater. Under the dura mater is the arachnoid mater, which is a thin

membrane with a spiderweb-like appearance. Around the surface of the brain is the pia mater,

which allows the flow of blood vessels to the brain tissue and helps to contain cerebrospinal fluid

[15].
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\ (;’?[\/Jﬁ \\ L Skull

<
;—f/ <} Dura Mater
— <+t Arachnoid Mater
<« Pia Mater
<« Brain

Figure 1.2: The Meninges
There are three layers of membrane under the cranium that make up the meninges, including the
dura mater, arachnoid mater, and pia mater.
Neurons are the functional cells of the brain that transmit signals to other nerve cells,
muscles, or gland cells. Neurons are made up of a cell body, an axon, and dendrites (Figure 1.3).

Signals are received through the dendrites and then travel through the axon until the synapse, where

the signals are then passed on to other neurons [17].

Synapse

|

Dendrites —

Axon

Figure 1.3: The Brain’s Neurons
The three parts of a neuron (the functional cell of the brain) are the cell body, axon, and
dendrites.
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1.3 Head Impacts in Bicycle Accidents

Bicycle accidents can be caused by a variety of circumstances including interaction with
other road users, failure of a bicycle component, or collision with road hazards or fixed objects
[18]. Bicycle accidents are most commonly due to collisions with a motor vehicle or due to a
cyclist fall [19]. The most common injury locations are to the upper extremities, lower extremities,
and the head, which makes up 32%-50% of the cases [20, 21].

Head injuries are often caused by blunt impacts, which are typically oblique with respect
to the impact surface, where radial and tangential force components are induced (Figure 1.4) [22—
24]. The oblique impact force is made up of a radial force component that induces linear head
kinematics, and a tangential force component that induces rotational head kinematics. Both the
contact forces and the resulting inertial forces on the head are common injury mechanisms [25,

26].

Rotational
motion

= Tangential force
) s Impact force
Radial force

Figure 1.4: Loads and Head Motion in an Oblique Impact
Radial and tangential forces are transmitted to the head in an oblique impact, causing linear and
rotational motion of the head, respectively.
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In collisions with a motor vehicle, cyclist head impacts are usually to the hood, windshield,
or roof of the vehicle [21]. From real-world accident reconstruction simulations involving a motor
vehicle, the mean resultant head impact velocity was found to be 6.8 + 2.7 m/s [22]. The average
radial and tangential velocity components were 5.5 = 3.0 m/s and 3.4 + 2.1 m/s, respectively. In
cyclist falls, two impact scenarios are common — falls after skidding and falls after hitting a curb,

where in both, a head impact is typically with the ground [23].

1.4 Head Injury

Head injury includes skull fracture, facial fracture, and TBI [3]. The mechanisms of these
injuries are relevant to understanding the limitations of current bicycle helmets and the gaps to be

addressed with advanced helmet technology and testing.
1.4.1 Skull Fracture

Skull fractures are any break in the cranial bone and are present in 45-58% of patients
admitted to the hospital following an accident that occurred while riding a bicycle [27, 28]. Skull
fracture is caused by the radial force component of an impact causing stress to the cranial bone at
the point of impact that exceeds its strength [29]. The risk of sustaining a skull fracture is typically
measured according to peak linear acceleration, as this metric correlates with the level of stress on
the skull [30]. Helmets have been specifically designed for the prevention of skull fracture and are
tested through linear drop tests that induce the skull fracture mechanism of high contact stresses
and linear head kinematics (Section 1.6). EPS foam helmets have been shown to reduce linear head
acceleration by 67-78%, reducing the risk of skull fracture from 99.9% to 9.3-30.6% for impact

velocities of 5.4 m/s and 6.3 m/s [12]. As well, according to real-world accident data that
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considered patients admitted to the hospital following any type of bicycle-related accident, helmets

reduce the incidence of skull fracture from 57% to 15% [28].

1.4.2 Focal Traumatic Brain Injury

Traumatic brain injury (TBI) is defined as damage to the brain as the result of a direct or
inertial impact and can be categorized into two groups: focal injury and diffuse injury [31]. Focal
injury occurs in a specific location of the brain and includes hematomas and contusions [32].

Hematomas (collection of blood in the brain) and contusions (bruising to the brain) are
often a direct result of skull deformation following fracture [33]. Specifically, epidural hematoma
is attributed to skull fracture in 90% of cases [34], where arteries between the dura and skull are
torn [31]. Subdural hematomas are caused by the tearing of bridging veins between the dura and
arachnoid mater [31]. A previous study based on autopsy data reported skull fractures to be present
in 67% of patients with acute subdural hematoma [35]. Cerebral contusions at the site of impact
(coup contusions) were found to be preceded by skull fracture in 60-80% of cases, caused by brain
surface damage from skull deformation [31]. For all of the above focal TBIs that follow skull
fracture, the injury mechanism is normal stress on the skull and the injury tolerance can be
characterized by the skull fracture threshold.

There is also evidence that rotational motion can be the cause of focal injuries such as
subdural hematoma, intracerebral hematoma, and cerebral contusions. In cases of subdural
hematoma that do not follow a skull fracture, the blood vessels connecting the brain and the skull
are stretched and torn by the relative motion during rotation of the head [36]. Intracerebral
hematoma refers to bleeding within the functional brain tissue [31]. Brain strain is considered to

be the main cause of ruptured cerebral veins and arteries [37]. Due to the brain’s susceptibility to
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strain from shear loading, rotational acceleration is the most likely injury predictor [38]. As well,
contusions in the absence of skull fracture are associated with the shearing of the brain tissue
against rough interior surfaces of the skull [31].

According to real-world data on patients admitted to the hospital following a bicycle-
related accident, helmets were somewhat effective at protecting against focal TBIs, where the use
of a helmet reduced the incidence of epidural hematoma from 31% to 11%, subdural hematoma

from 30% to 7%, and contusions from 25% to 15% [28].

1.4.3 Diffuse Traumatic Brain Injury

Diffuse TBI occurs in a widespread area and includes concussion and diffuse axonal injury
(DAI) [31]. DAI is diagnosed when there is severe physical damage to the brain’s axons [31].
Concussion is defined by its associated symptomology as an alteration in mental functioning [39],
which may involve unconsciousness and amnesia [40]. From a biomechanical point of view,
concussion is synonymous with mild TBI — some form of damage to the brain as the result of a
direct or inertial impact, and can include less-severe DAI [41]. It has been inferred that the
symptomatology associated with concussion is representative of mechanical damage (cell death)
in the regions of the brain associated with those particular functions [40]. For example, amnesia
indicates damage to brain structures, such as the thalamus, that form the limbic system [42].

Therefore, research has focused on investigating tissue-level damage that may affect the
transmission of signals through the brain, where in vitro models have shown that brain cell death
is directly related to the amount of strain the tissue experiences and at what strain rate [44—46].

For example, biaxial stretching was applied to tissue from the rat cortex and cell death was
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quantified for four days following. Strain, strain rate, and time post-stretching all significantly
affected cell death [43].

Specifically, strain/damage in the brain’s axons is thought to be a primary pathologic
process indicative of diffuse TBI [47-51]. The biomechanics of axonal injury during trauma is
explained by the brain’s viscoelastic tissue properties [46], which means it behaves differently
under varying loading conditions, and more specifically, its stiffness depends on the rate at which
deformation occurs. During daily activities, axons in the brain are often deformed and
subsequently restored to their original geometry without experiencing permanent damage [47].
However, during trauma, where deformation occurs rapidly, the brain tissue is much less ductile
[49, 50]. In this case, on a microscopic scale, the uniaxial elongation of axons results in permanent
breakage of the microtubules or complete disconnection from the neuron [47]. On a macroscopic
scale and in severe cases, the result is tearing of the brain tissue [47]. Due to the importance of the
brain’s viscoelastic properties, axonal injury is dependent on both the magnitude of strain and the
strain rate [47]. This injury mechanism applies across the severity spectrum from concussion to
DALI, with the primary difference across the spectrum being the amount of brain tissue injured and
the severity of injury at a given site within the brain [50].

Brain tissue is much more resistant to compressive loading than shear loading, with a bulk
modulus of five to six orders of magnitude greater than the shear modulus [38]. This means the
brain undergoes little change in size due to hydrostatic forces but provides limited resistance to
changes in shape. Therefore, shear deformation is most likely to cause excessive brain tissue
damage associated with TBI.

It has been inferred that these injurious brain strains are caused by the motion of the head

following an impact event and therefore studies have examined the relationship between various

9
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head kinematics and resulting brain strain. Rotational head motion has been linked to injurious
levels of brain strain using in vitro models, monkeys, humans, and finite element analysis (FEA).
Holbourn [25] first proposed rotational motion rather than linear motion of the head as the
mechanism for brain injury. By modeling the brain as a homogeneous and incompressible 2D gel,
it was determined that rotational motion had a greater influence on the levels of shear strain in the
brain tissue compared to linear motion [25]. The prevalence of concussion following oblique
versus linear impacts also suggests that rotational motion is the primary injury mechanism. For
example, a study subjected squirrel monkeys to non-contact sagittal plane head motion [51]. Half
were subjected to pure linear motion of the head, where the animals did not experience cerebral
concussion. The other half were subjected to pure rotational motion of the head, where concussion
was induced in all of the animals. Brain lesions were visible more frequently and at higher severity
in the rotation group compared to the linear translation group [51]. FEA has shown that rotational
head motion produces much higher magnitudes of strain in the brain compared to linear head
motion, where head impacts from National Football League (NFL) games and from frontal impact
sled tests to an anthropometric test device (ATD) (crash test dummy) have been used as inputs to
a finite element model (FEM) of the human head [53, 54].

Holbourn [25] postulated that following an impact, in the absence of skull deformation, the
strains that arise in the brain are due to the change in velocity of the head, which involves a
combination of a change in linear velocity and a change in rotational velocity about a particular
axis. The strain experienced by the brain tissue is proportional to the amount of relative motion
between constituent particles of the brain. Linear acceleration forces primarily produce

compressive strains, which create little relative motion between constituent parts of the brain.

10
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Therefore, rotational kinematics are primarily responsible for relative motion and are the most
likely mechanism of diffuse TBI [25].

This supports the findings from real-world accident analysis that showed helmets do not
reduce the incidence of concussion or DAI and concussion is the most common injury for both

helmeted and un-helmeted riders [14, 55].

1.4.4 Implications for Helmet Testing

The literature outlined above regarding head injury mechanisms suggests that skull fracture
and associated brain injuries are primarily caused by contact stresses and linear kinematics,
whereas brain injury in the absence of skull fracture is largely associated with rotational
kinematics. Correspondingly, the most effective way to prevent skull fracture and
hematoma/contusion secondary to skull fracture would be to minimize the magnitudes of linear
acceleration and peak radial impact force. On the other hand, the most effective way to reduce the
incidence of concussion, DAI and some hematoma and contusion cases would be to minimize the
magnitudes of rotational kinematics caused by the tangential force component of an impact.

In assessing the effectiveness of helmets to protect against brain injuries, experimental
impact tests are performed using ATDs and the resulting kinematics of the headform are measured
in an attempt to predict brain injury risk. In interpreting the results of these experimental tests, it
is imperative to understand the relationship between various external measurements of head
kinematics and strain in the brain tissue. Studies have used experimental impacts to inform FE
simulations, which have shown that rotational velocity of the head correlates best to brain strain
and direction-specific thresholds should be used to predict injury risk [56, 57]. Studies have also

developed combined metrics for predicting brain injury risk. The Brain Injury Criteria (BrIC) was

11
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developed to account for directional dependence by including the effect of rotational velocity
around three axes, along with critical values that correspond to a 50% risk of Abbreviated Injury
Scale (AIS) 4+ brain injury [57]. The Universal Brain Injury Criteria (UBrIC) builds on the BrIC

to include the effect of rotational head velocity and acceleration around a particular axis [58].

1.5 Current Bicycle Helmets

The goal of a bicycle helmet is to prevent injury caused by an impact to the head. To
prevent both skull fracture and TBI, helmets must absorb sufficient energy to mitigate linear and

rotational head accelerations.

1.5.1 Traditional EPS Foam Helmets

Traditional bicycle helmets are composed of an outer shell, an energy-absorbing layer, and
a strap/retention system [59]. Both the outer shell and the energy-absorbing layer contribute to the
impact protection mechanism. The outer shell is typically made from polycarbonate and its
purpose is to protect the head from penetration by sharp objects, as well as to distribute the impact
force over a larger surface area [60]. The energy-absorbing layer is typically made from expanded
polystyrene (EPS) foam [59]. EPS foam is a type of cellular solid in which polystyrene forms the
edges and faces of gas-filled pockets (known as cells) (Figure 1.5) [61]. The impact force is
transmitted to the EPS foam layer from the polycarbonate shell, and energy not absorbed by the

foam is then transmitted to the head and may pose a risk of injury.

12
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Figure 1.5: Cross-Sectional Micrography of EPS Foam
EPS foam, is the most commonly used material for bicycle helmets, is a closed cell foam with
the micrography shown (image adapted from [62]).

Since both radial and tangential force components contribute to the risk of head injury,
energy absorption in both the compressive and shear loading directions are relevant to studying
the effectiveness of EPS foam helmets. Under compressive stress the deformation mechanism of
EPS foam has three regimes: linear elastic, where the cell walls bend; plastic, where the cell walls
break; and densification, where the majority of the cell walls touch and the properties tend toward
those of the fully dense solid from which the foam is made (Figure 1.6) [61]. The amount of energy

the foam can absorb is given by strain energy — the area under the stress-strain curve up until

densification [61], typically defined as the global maximum of energy absorption efficiency [63].
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Figure 1.6: Stress-Strain Curve for EPS foam Under Compression
The stress-strain relationship for EPS foam under compressive loading is expected to have three
regimes: linear-elastic, plastic, and densification.

EPS foam is effective in sufficiently reducing contact stress and linear head acceleration
and therefore effective in preventing life-threatening injuries [12, 13]. On the other hand, EPS
foam helmets have not been designed to prevent many types of TBI such as concussion and diffuse
axonal injury [64]. The limitations of traditional helmets to protect the head in rotation are
attributed to the mechanical response of the material — EPS foam does not sufficiently deform
under shear loading to address rotational accelerations [61, 66] Shear stress that is not absorbed by
helmet deformation or other mechanisms (such as sliding of the helmet on the human head [66])
is transferred to the head in the form of rotational acceleration. Due to its isotropic nature, the
above limitations cannot be easily addressed by altering the characteristics of the EPS foam. For
example, if the density and thickness of the EPS foam layer were altered to allow the material to
undergo sufficient shear strain to prevent TBI, then there is a risk of the material compressing too

easily and experiencing densification during severe impacts [67].
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1.5.2 Helmets with Rotation-Damping Systems

Recently, bicycle helmets with dedicated rotation-damping systems have been introduced.
Upon oblique impact, these helmets aim to mitigate shear stress transferred to the head by
accommodating shear deformation themselves, while still protecting against radial contact forces
[60, 67-69].

The most common rotation-damping system is the Multidirectional Impact Protection
System (MIPS) (Tdby, Sweden) slip liner [70] (Figure 1.7). The purpose of this thin polycarbonate
plastic liner is to reduce the rotational acceleration of the head upon impact by permitting 10-15
mm of movement between the helmet and the head via a low-friction interface with the EPS foam
layer [70]. The mechanism is supported by findings that movement between the head and helmet
reduces peak rotational acceleration [71]. MIPS has been shown to reduce rotational acceleration
by 22-28% and rotational velocity by 26-36% in oblique drop-tower impact tests, compared to

EPS foam helmets [60, 69].

Figure 1.7: Bicycle Helmet with MIPS
MIPS, a thin polycarbonate plastic liner, is mounted inside an EPS foam helmet to reduce
rotational head motion (image adapted from [72]).
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WaveCel (Wilsonville, Oregon, USA) helmets contain a plastic cellular structure in
addition to the EPS foam component, that acts to mitigate rotational kinematics (Figure 1.8) [70].
The cellular structure and the EPS foam make up approximately 15 mm and 10 mm of the thickness
of the helmet, respectively [70]. Upon oblique impact, a built-in crease initiates folding of the cell
walls to reduce peak linear acceleration [73]. Rotational acceleration is reduced by flexing/bending
of the cell walls and gliding of the cellular structure relative to the EPS foam layer [73]. WaveCel
has been shown to reduce rotational acceleration by 20-58%, rotational velocity by 39-70%, and
linear acceleration by 15-25% in oblique drop-tower impact tests, compared to EPS foam helmets

[69, 73].

EPS Foam

WaveCel Structure

Figure 1.8: WaveCel Bicycle Helmet
WaveCel helmets contain approximately 10 mm of EPS foam and 15 mm of a plastic cellular
structure (image adapted from [75]).

HEXR helmets (HEXR, London, United Kingdom) are made with a polyamide-11 3D-
printed honeycomb-like structure, based on 3D scans of the user’s head geometry (Figure 1.9)
[76]. Honeycomb was chosen due to its high strength-to-weight ratio, beneficial for safety and
comfort to the wearer [76]. HEXR helmets omit the EPS foam component altogether and have

been specifically designed for the mitigation of linear and rotational kinematics by permitting axial

and shear deformation, respectively [76]. Impact testing performed by the company suggests that
16
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HEXR helmets reduce linear acceleration, rotational acceleration, and rotational velocity on

average by 26% compared to EPS foam helmets [76].

a) b)
Honeycomb Structure Disconnected Honeycomb Cells

Figure 1.9: HEXR Bicycle Helmet
The HEXR helmet is made of a polyamide-11 3D-printed honeycomb-like structure. a) Shows a
full helmet, b) shows the isolated honeycomb structure and highlights disconnected honeycomb
cells (images adapted from [76]).

Although MIPS, WaveCel, and HEXR all improve upon EPS foam helmets in terms of
mitigation of rotational kinematics, the risk of injury could be further reduced with future helmet
technologies. Due to the limitations of EPS foam, it is hypothesized that a design with an alternate
material than EPS foam altogether, like the HEXR helmet, would be beneficial. It has been
observed that the HEXR’s honeycomb structure is made of arrays of hexagons with disconnected
cells, which may affect the impact attenuation capability in these areas (Figure 1.9b). As well, the

above helmets absorb impact energy through plastic deformation, making them ‘single-use’ but

despite this, people rarely discard their equipment after an impact. A helmet design capable of
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providing protection for multiple impact events would therefore reduce the frequency of head
injuries.

1.6 Helmet Testing Standards

Helmets sold in Canada must be certified by one of the following: Canadian Standards
Association, Consumer Product Safety Commission (CPSC), Snell, or American Society for
Testing and Materials (ASTM). All standards are similar and therefore the CPSC standard for
bicycle helmets will be outlined here [77]. The standard includes requirements for peripheral
vision range, positional stability, retention system strength, and impact attenuation. The impact
attenuation test is the primary focus as it is most relevant to the protective characteristics of

helmets.
1.6.1 Head and Neck

CPSC standards require the use of an International Organization for Standardization (ISO)
headform for the impact attenuation tests (Figure 1.10a). The ISO headform is a rigid, solid model
made of low-resonance K-1A magnesium alloy, in the shape of a human head. It is available in six
different sizes (named A, C, E, J, M, and O) that represent different population anthropometrics.
The headform size used during impact testing (per CPSC standard) is the smallest headform
appropriate for the particular helmet, where the pads inside the helmet should be ‘partially

compressed’.
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Figure 1.10: Headforms Used for Helmet Testing
a) The ISO headform is used for standard bicycle helmet impact attenuation testing (image
adapted from [78]). b) The Hybrid III headform and neck are often used in advanced helmet
testing involving oblique impacts (image adapted from [79]).

There are some limitations in using the ISO headform as a head surrogate. These limitations
include an unrealistic head mass, unrealistic head inertia, and non-deformable skin [80]. Other
surrogate headforms could be considered for helmet testing, such as the Hybrid III (Humanetics,
Farmington Hills, Michigan, USA) ATD head (Figure 1.10b). Although the Hybrid III head was
designed for safety testing in frontal automotive collisions, it has also been used extensively in
oblique bicycle helmet testing [60, 69, 73]. Among ATD heads available, the Hybrid III has the
most realistic head mass (4.5 kg), skin, and head inertia [80]. As well, the CPSC bicycle helmet
test standard does not include the use of a surrogate neck. However, it has been hypothesized that
the use of the Hybrid III neck (Figure 1.10b) leads to more realistic rotational head kinematics [80]
and therefore has been used with the Hybrid III head in oblique bicycle helmet testing [60, 69, 73].

The Hybrid III ATD neck is made of a combination of rubber and aluminum discs to represent the

vertebrae. However, its use is controversial since it is substantially stiffer than the human neck in

19



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

all directions of rotation [80—82]. As well, the Hybrid III neck was designed for use in automotive

frontal impact tests, to mimic flexion and extension in the sagittal plane only [84].

1.6.2 Impact Testing Setup

Two impact attenuation test apparatuses are shown in Figure 1.11, which are both

acceptable according to the CPSC standard.

a) b) BN
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L Rigid anvil accelerometer
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Figure 1.11: Standard Impact Attenuation Apparatuses
Two impact attenuation test apparatuses are acceptable according to the CPSC standard. a)
Shows a guidewire apparatus, and b) shows a monorail apparatus (images adapted from [77]).

In both test setups, the helmeted headform is rigidly attached and dropped in a guided free
fall onto a rigid anvil. Impacts are performed on three different solid steel anvils: flat,

hemispherical, and curbstone (Figure 1.12). The mass of the drop assembly should be 5.0 + 0.1 kg
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including the mass of the drop carriage and test headform. For impacts onto flat anvils, an impact
speed of 6.2 m/s is targeted. For impacts onto curbstone and hemispherical anvils, an impact speed
of 4.8 m/s is targeted.

a) b) c) Radius =48 + 1 mm
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Figure 1.12: Geometry of Test Anvils
Standard impact attenuation testing involves impacts onto three impact surfaces including a) a
flat anvil, b) a hemispherical anvil, and c) a curbstone anvil. All dimensions are in millimetres
(image adapted from [77]).
This setup is for linear impacts, where only radial forces are transmitted to the head to
cause linear motion following impact (Figure 1.13a). As such, oblique testing methods are required

that induce both radial and tangential forces to the head upon impact, to assess the performance of

helmets in mitigating both linear and rotational head motion (Figure 1.13b).
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Figure 1.13: Loads and Head Motion in Radial and Oblique Impact Tests
a) Purely radial impact tests cause linear motion of the head. b) Oblique impact tests cause linear
and rotational motion of the head.

1.6.3 Measurements

The impact mitigation capability of a helmet is determined according to the peak linear
acceleration of the test headform during impact testing. To pass the standard test and achieve
certification, a helmet must reduce the linear acceleration of the headform below a certain
threshold. A uniaxial accelerometer is mounted at the centre of gravity of the test headform. To
pass the impact attenuation test, the maximum linear acceleration of the test headform must not
exceed 250 G. According to the Wayne State University tolerance curve, this corresponds to a
40% risk of skull fracture [85], and does not include the risk of any other head injury types. This
testing standard does not consider the risk of sustaining TBI, which would require measurement

of rotational head acceleration and velocity.
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1.7 Honeycomb Structures

The limitations of EPS foam to absorb energy in oblique impacts suggest the need for an
alternate energy-absorbing structure. Honeycomb, which is an array of adjoining cavities called
cells, has many features that could make it suitable for this purpose and provide improved
protection to the head during bicycle accidents. EPS foam is an isotropic material, whereas
honeycomb is anisotropic — meaning its mechanical behaviours vary depending on loading
direction and the strength is higher under out-of-plane compression compared to out-of-plane shear
loading [61]. This suggests honeycomb could provide sufficient deformation under shear loading
from the tangential component of an impact force to reduce the rotational motion of the head and
provide protection against diffuse TBI.

Hexagonal honeycomb panels, which are made up of an array of identical six-sided cells
(Figure 1.14), have been extensively used as the core in sandwich panels in applications such as

vehicle crash test barriers, aeronautics, and space structures [88, 89].

a) b)

X3
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Figure 1.14: Hexagonal Honeycomb Structure
Honeycomb structures are made of columnar, hexagonal cells and defined by their cell size
(given by A and /), cell wall thickness (7), and depth (b). a) Shows an isometric view, and b)
shows a top view.
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Hexagonal honeycomb has been shown to have superior compressive energy absorbing
capabilities to many other honeycomb geometries [88]. However, pure hexagonal honeycomb
panels cannot be wrapped into an elliptical dome shape like that of the human head. Beeswax
honeycomb often has complex external geometry involving curvature and these natural structures
frequently contain pentagons and heptagons within the array of hexagons (known as “5-7 defects’)

(Figure 1.15) [89].

Figure 1.15: Beeswax Honeycomb
Beeswax honeycomb contains pentagons (yellow) and heptagons (green) (5-7 defects) in areas
with curvature (image adapted from [90]).

Inspiration can be taken from these natural structures to introduce strategic alterations in
geometry that promote curvature in hexagonal honeycomb [88, 90, 91]. Specifically, 5-7 defects
can be intentionally included in engineered honeycomb in two types of arrangements: clustered to
form ‘inclusions’ and aligned to form ‘boundaries’. These two 5-7 defect arrangement types have
been shown to promote different collapse mechanisms in the neighboring cells and proximity of
the 5-7 defects to each other has been shown to affect the strength of the structure, where a
maximum strength improvement of 25-30% was achieved [92].

A hexagonal honeycomb structure is defined by its cell size given by ‘4’ and ‘/°, cell wall
thickness given by ‘#’, and depth given by ‘b’ (Figure 1.14). It is termed ‘regular’ hexagonal

honeycomb when 4/ = 1. The properties of a honeycomb structure depend on its relative density
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(p) — the amount of solid within the structure. For regular hexagonal honeycomb, relative density

is given by Equation 1.1.

=P _2t(q_ Lt i
p_ps_ﬁz(l 2\@1) Equation 1.1

where p* is the density of the honeycomb, p; is the density of the solid it is made from, t is the

honeycomb cell wall thickness, and [ is the cell wall length [61].
1.7.1 Deformation Patterns

In-plane compression refers to loading in the plane of the hexagonal cells (X; and X>
directions) (Figure 1.16a), out-of-plane compression refers to loading in line with the long axis of
the cell walls (X3 direction) (Figure 1.16b), and out-of-plane shear refers to loading in the X;-Xj

and X>-X; planes (Figure 1.16¢) [61].

a) b) c)

Figure 1.16: Loading Conditions on Honeycomb
a) Shows in-plane compression, b) shows out-of-plane compression, and c¢) shows out-of-plane
shear.
When honeycomb structures undergo compression in either the in-plane or out-of-plane
orientation, the deformation behaviour can be described in three regimes: linear elastic (where the

slope defines the elastic modulus of the structure), stress plateau, and densification (Figure 1.17)

[61].
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Figure 1.17: Honeycomb Stress-Strain Curve
The stress-strain relationship for honeycomb under in-plane or out-of-plane compressive loading
is expected to have three regimes: linear-elastic, plateau, and densification.
For out-of-plane compression, in the linear-elastic regime the cell walls are axially

compressed and in the stress plateau regime, the cell walls buckle [61]. For elastomeric

honeycomb, this is observed as curves in the cell walls (Figure 1.18) [61].

X,

Figure 1.18: Elastomeric Honeycomb Under Out-of-Plane Compression
The typical behaviour of elastomeric honeycomb under compression the X3 direction involves
elastic buckling of the cell walls.
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The densification regime begins when the cell walls touch (in-plane) or are fully
compressed (out-of-plane), and the slope of the stress-strain curve tends toward the elastic modulus
of the fully-dense solid from which the honeycomb structure was made [61]. The energy
absorption capability of the honeycomb is the area under the stress-strain curve before
densification, given by Equation 1.2.

U, = [ ode Equation 1.2
where U, is energy absorption per unit volume, o is compressive stress, € is compressive strain,
and &4 is densification strain [61].

The expected stress-strain relationship for plastic or brittle honeycombs under out-of-plane
shear loading can be described similarly to compressive loading by three regimes: linear elastic,
stress plateau, and densification [93]. The out-of-plane shear stress-strain relationship for
elastomeric honeycomb is unclear; however, it is expected that the honeycomb would experience
an initial linear elastic behaviour where the slope of the stress-strain curve represents the shear
modulus, followed by cell wall buckling and bulging [93].

Deformation of an elastomeric honeycomb has the potential to be recoverable, meaning
following the collapse of the structure it can return to its original shape [61]. This is extremely
beneficial in applications where the structure could experience repeated impacts without requiring
replacement. A challenge in using an elastomeric material is the reduced stiffness that could result

in the structure reaching densification under excessive compressive loading [61].

1.8 Study Objectives

The goal of this study was to design a helmet made of honeycomb that improves upon the

protective capabilities of EPS foam helmets and effectively reduces the risk of both skull fracture
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and TBI. The design involves hexagonal honeycomb (where the cell walls are perpendicular to the
surface of the human head) with 5-7 defects to accommodate the curvature of the human head,

where the cell walls are made of thermoplastic polyurethane (TPU) (Figure 1.19).

50 mm

Figure 1.19: Honeycomb Helmet
The proposed bicycle helmet design involves hexagonal honeycomb with 5-7 defects.
The specific objectives of this study were:

1. To determine a TPU honeycomb design most suitable for dissipating energy in both
compressive and shear loading for protection against skull fracture and TBI under quasi-
static loading conditions;

2. To explore the effectiveness of the TPU honeycomb design in comparison to EPS foam,
under dynamic combined (compression and shear) loading;

3. To determine a TPU honeycomb design most suitable for impact attenuation in both
compressive and shear loading for protection against skull fracture and TBI under dynamic
combined loading; and

4. To design and prototype a full-scale honeycomb helmet made of TPU.
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The corresponding hypotheses were:

1. It is possible to achieve a honeycomb design made of TPU that effectively dissipates
energy in both compressive and shear loading by varying the morphometry of the
honeycomb structure, including relative density and 5-7 defect arrangement.

2. The proposed honeycomb helmet design made using TPU will perform better than EPS
foam for impact attenuation under both compressive and shear loading, suitable for

protection against skull fracture and TBI, while also being reusable for multiple impacts.

To address these objectives, Chapter 2 explored the quasi-static compressive and shear
properties of flat honeycomb samples, which were 3D-printed for rapid prototyping. Two
arrangements of 5-7 defects were tested, along with regular honeycomb with varying relative
density.

In Chapter 3, dynamic drop tower impact tests were performed on the chosen honeycomb
design in impact conditions more representative of real-world accidents to determine the
effectiveness and reusability of the design.

In Chapter 4, the results of quasi-static and dynamic testing were used to determine the
most suitable honeycomb design for dynamic impact conditions, the design was incorporated into

the form of a full-scale helmet, and helmet prototypes were 3D-printed.
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Chapter 2 — Quasi-Static Testing

Overview: This chapter outlines the objectives for the design of a
honeycomb structure for head protection, where the injury mechanisms of skull
fracture and traumatic brain injury were directly related to the mechanical
properties of the honeycomb. A novel approach to honeycomb bicycle helmet design
is introduced to accommodate curvature - the inclusion of 5-7 defects. Quasi-static
compression and shear testing were performed on small, flat, 3D-printed
honeycomb samples to explore the effects of including 5-7 defects and changing
relative density. A honeycomb design most suitable for dissipating energy to protect
against skull fracture and traumatic brain injury protection was determined

according to these results.

2.1 Introduction

Head impacts in real-world bicycle accidents typically occur at an angle of 30° to 60° with
respect to the horizontal impact surface [22, 23]. These ‘oblique’ impacts transmit both radial and
tangential forces to the head, which cause linear and rotational head kinematics, respectively [13].
Research has shown that skull fracture and some severe brain injuries are caused by normal forces
to the head, whereas the primary mechanism of diffuse brain injuries, such as diffuse axonal injury
(DAI) or concussion, is rotational head kinematics (Section 1.3). Studies have also shown that
wearing an expanded polystyrene (EPS) foam helmet does reduce the risk of skull fracture but

does not effectively reduce the risk of sustaining most traumatic brain injuries (TBIs) (Section
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1.3). The limitations of traditional helmets to protect the head during an oblique impact are
attributed to the mechanical response of EPS foam, where EPS foam does not sufficiently deform
under shear loading to address rotational accelerations [60]. As well, EPS foam absorbs impact
energy through crack propagation, making it ‘single-use’. An improved helmet design would
absorb energy from the radial force component, dampen the tangential force component to mitigate
rotational kinematics and provide protection for multiple impact events.

Hexagonal honeycomb, a structure found in nature [91, 96] could be a suitable alternative
to EPS foam due to its energy-absorbing capabilities. In a honeycomb helmet design, the cell walls
would be perpendicular to the surface of the human head and upon impact would primarily carry
loads in the planes containing the axis of the hexagonal prisms. Specifically, the radial component
of the impact force would induce out-of-plane compression to the honeycomb (Figure 2.1). This
loading direction would cause radial stress and linear kinematics of the head and primarily pose a
risk of skull fracture and some severe brain injuries. The tangential force component would induce
out-of-plane shear loading on the honeycomb (Figure 2.1), which relates to rotational motion of
the head, primarily posing a risk of diffuse TBI such as concussion and DAI. Honeycomb is
hypothesized to be effective for head protection due to its anisotropy [61], where it is strong under
out-of-plane compression to prevent densification during impact but weaker under out-of-plane

shear loading to allow sufficient deformation to mitigate rotational kinematics.
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Compression

= Langential force

. Impact force
Radial force

Figure 2.1: Forces in an Oblique Impact and Resulting Loading on Honeycomb
The radial component of the impact force would induce out-of-plane compression on the
honeycomb (red), whereas the tangential force component would induce out-of-plane shear
loading on the honeycomb (blue).

A challenge in using hexagonal honeycomb in the application of head protection is that it
cannot conform to a surface with curvature without modification [61]. Beeswax contains curved
honeycomb panels by using ‘5-7 defects’, which are pentagon-heptagon pairs within the array of
hexagons (Figure 1.15) [89][95]. These 5-7 defects can be intentionally included in engineered
honeycomb in various arrangements for applications involving curvature.

3D-printing can be used to manufacture these complex geometries with a variety of solid
materials. This manufacturing method is especially beneficial for rapid prototyping. Current
helmets are ‘single-use’; however, manufacturing honeycomb with an elastomeric solid such as
thermoplastic polyurethane (TPU) means that following the deformation of the structure it could
potentially restore its original shape and mechanical properties [61].

Therefore, the proposed helmet design is made of hexagonal honeycomb with 5-7 defects

to accommodate the curvature of the human head and 3D-printed with TPU (Figure 1.19). When

studying the effectiveness of honeycomb in helmets, out-of-plane compressive and shear
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properties must be considered. The deformation behaviour of honeycomb under out-of-plane
compressive loading can be described in three regimes: linear-elastic, stress plateau, and
densification (Figure 1.20) [61]. The out-of-plane shear stress-strain relationship for elastomeric
honeycomb is unclear, however, it is expected that there would be an initial linear-elastic behaviour
where the slope of the stress-strain curve represents the shear modulus (G) [93]. The properties of
honeycomb primarily depend on relative density (p) [61], and therefore it is hypothesized that this
geometric parameter can be altered to determine a design that is most suitable for both skull
fracture and TBI protection.

The purpose of this study was to determine a honeycomb design most suitable for head
protection. Therefore, the out-of-plane compressive and shear properties (Figure 1.19b-c) of
honeycomb and EPS foam were explored using flat samples. The recoverability of the honeycomb
helmet design was also explored to determine its potential to protect against repeated impacts

without requiring replacement.

2.2 Methods

2.2.1 Design Objectives

To determine a honeycomb design that would be most suitable for providing effective
protection in bicycle accidents, three design requirements were determined and are outlined below.
1. Under out-of-plane compression, the honeycomb must absorb the kinetic energy of the
head at impact through the potential energy of deformation (strain energy). Energy absorption per
unit volume (U,) is given by the area under the stress-strain curve before densification (Figure

1.20 and Equation 1.2). If the kinetic energy exceeded the energy absorption capacity of the
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honeycomb, the structure would ‘bottom out’, meaning densification would be reached during the
impact. The spike in stress that occurs during densification would then be transmitted to the human
head and pose a direct risk of injury as it is likely this stress would exceed the strength of the
human skull. EPS foam helmets have been shown to be effective in preventing skull fracture and
associated injuries (Section 1.3). Therefore, it is inferred that EPS foam provides sufficient energy
absorption capability in real-world head impacts and it can be used as a benchmark for new helmet
designs.

ii. The normal stress experienced by the head, or the peak compressive stress of the
honeycomb (a;,) must not exceed a specified limit corresponding to the injury threshold for skull
fracture (a,). A force threshold of 5.05 kN was used here, which corresponds to a 50% risk of skull
fracture [96]. The stress threshold for skull fracture (g,) was calculated to be 1.46 MPa by dividing
the force threshold by the area of the impactor used in the study where the threshold was identified
(3,800 mm?).

iii. The shear modulus (G) of the honeycomb should be minimized to minimize rotational
head acceleration (this derivation is given in Appendix B). Shear modulus (&) is given by the slope
of the linear-elastic regime of the stress-strain curve.

Volumetric energy absorption (U,), compressive peak stress (0;,), and shear modulus (G)
are highly influenced by the relative density (p) of the honeycomb [61]. The effects of relative
density (p) on these mechanical properties were determined through experimental testing and a

relative density (p) value that meets the above objectives was chosen.
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2.2.2 Honeycomb Samples

Various honeycomb designs were generated using a parametric CAD software (nTopology,
New York, USA). 3D-printing was employed for rapid prototyping of all samples (Appendix C)
with TPU filament, Ninjatek Cheetah (Ninjatek, Manheim, Pennsylvania USA), an elastomeric
material, which has a density of 1.22 g/cm?, a tensile strength of 39 MPa, a hardness of 95 Shore
A, and an elongation at break of 580%. The area of the samples (in the plane of the honeycomb
cells) was 8840 mm? to reflect the average contact area in a helmeted bicycle accident [97].
Honeycomb samples with a range of relative densities (p) were generated and 3D-printed to
determine its effect on out-of-plane compressive and shear properties (objectives 1., ii., and iii.).
EPS foam samples with a density of 85 kg/m* were obtained (Seven Star Sports, Hamilton,
Ontario, Canada) to determine its mechanical response under out-of-plane compressive (objective
ii.). To determine the effect of 5-7 defects on out-of-plane compressive properties, regular
honeycomb, honeycomb with ‘stacked’ 5-7 defects, and honeycomb with ‘staggered’ 5-7 defects
were 3D-printed at a constant relative density (p) (Figure 2.2). These two 5-7 defect designs were
chosen as potential methods for allowing the honeycomb to conform to the curvature of the human
head. Regular honeycomb samples with constant relative density (p) were 3D-printed to determine
the effect of strain rate (£) on compressive properties. A digital caliper with an accuracy of + 0.02
mm was used to measure the dimensions of the honeycomb and EPS foam samples. A scale with

an accuracy of 0.5 g was used to measure the mass of each sample for determining relative density

(D).
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94 mm

Figure 2.2: 3D-Printed Honeycomb Samples for Compression Tests
Three honeycomb designs were 3D-printed for out-of-plane compression testing including a)
regular honeycomb, b) honeycomb with ‘stacked’ 5-7 defects, and c) honeycomb with
‘staggered’ 5-7 defects. The pentagons are outlined in yellow, and the heptagons are outlined in

green.

2.2.3 Compression Testing

For use in out-of-plane compression tests, honeycomb and EPS foam samples were 94 by
94 by 25 mm. The thickness of the samples (25 mm) was chosen for consistency with typical EPS
foam bicycle helmets. Six regular honeycomb designs were 3D-printed with a target relative
density (p) range of 15% to 25% to determine the effect on out-of-plane compressive properties
(objectives i. and ii.) (sample size (N) = 1-4 (Table 2.1)). Honeycomb with ‘stacked’ 5-7 defects
(Figure 2.2b) (N = 3) and ‘staggered’ 5-7 defects (Figure 2.2¢) (N = 3) were 3D-printed at a
constant target relative density (p) of 17% and compared to regular honeycomb with a target
relative density (p) of 17% (N =4). Regular honeycomb (Figure 2.2a) was 3D-printed at a constant
target relative density (p) of 16% to explore the effect of strain rate (¢) (N = 2 for € of 3x102/s
and 6x1072 /s, and N = 4 for € of 107 /s). The number of samples per group varied due to inaccuracy

between the CAD models and the 3D-printed samples.
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Out-of-plane compression tests (Figure 1.19b) were performed using a 30 kN Instron
materials testing machine (model 5967, Illinois Tool Works, Norwood, Massachusetts, USA)
(Figure 2.3). Circular steel platens, 150 mm in diameter, were mounted to the stationary base and
the crosshead, in alignment with the central axis of the machine. Coconut oil was applied to both
platens as a lubricant to reduce the effect of friction on the compressive response. The samples
were then centred on the stationary platen. To determine the effects of honeycomb relative density
(p) and 5-7 defects, and for EPS foam tests, the deformation rate was 2.5x10° m/s, corresponding
to a quasi-static strain rate (£) of 10~} /s. To explore the strain rate dependence of honeycomb, tests
were also performed at strain rates () of 3x1072 /s and 6x102 /s. The samples were compressed
until after the onset of densification, where the slope of the stress-strain curve approached the
elastic modulus of the solid material (Figure 1.20). A preload of 2N was applied before data
collection. A Pixelink D755CU-AF16 (Ametek, Berwyn, Pennsylvania, USA) camera was used to
capture deformation shapes during the tests, where images were captured in one-second

increments.
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| «— 30 kN Load Cell

<«— Moving Platen
<«—— Honeycomb Specimen

<«— Stationary Platen

Figure 2.3: Compression Testing Setup

An Intron materials testing machine with a 30 kN load cell was used for out-of-plane

compression testing on honeycomb and EPS foam samples.

From these tests, the following were determined:

The effects of relative density (p) on volumetric energy absorption (U,,) and peak
compressive stress (g, ) (objectives i. and ii.);

Volumetric energy absorption (U,,) and compressive peak stress (a,,) for EPS foam
(objective 1.);

The effects of 5-7 defect arrangement on volumetric energy absorption (U,) and
compressive peak stress (a;,); and

The effects of strain rate (€) on volumetric energy absorption (U,,) and compressive

peak stress (a).
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Two compression cycles were performed on honeycomb and EPS foam samples at a strain

rate (¢) of 1073 /s to explore their potential for reusability.
2.2.4 Shear Testing

For out-of-plane shear testing, honeycomb samples were 12.0 by 7.4 by 1.0 cm. The area
was chosen to be consistent with compression test samples. The thickness of the samples (1 cm)
was chosen according to ASTM standards for determining shear properties of sandwich core
materials (ASTM C 273/C 273M — 07a) [98], which indicates that the width and length should be
at least 3 and 10 times the thickness of the sample, respectively, to minimize the amount of normal
loading. Four regular honeycomb designs were 3D-printed with a target relative density (p) range
of 15% to 25% (N = 2-3 (Table 2.2)) to determine the effect on out-of-plane shear properties
(objective iii.). Facesheets with a 1 mm thickness that extended 0.5 mm on each side were 3D-
printed onto the honeycomb structures with the same TPU material to increase the surface area for

adhesion to the testing apparatus (Figure 2.4).
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a) b)

120 mm 121 mm

Figure 2.4: 3D-Printed Honeycomb Samples for Shear Testing
Honeycomb samples for out-of-plane shear testing were 3D-printed. a) Shows regular
honeycomb without facesheets, and b) shows regular honeycomb with 1 mm-thick facesheets
that extend 0.5 mm on each side.
Out-of-plane shear tests (Figure 1.19¢) were performed using the same Instron materials
testing machine described previously with a custom plate shear test configuration (Figure 2.5)
(Appendix D) recommended by the ASTM standard (ASTM C 273/C 273M — 07a) [98]. The
custom test apparatus consisted of a lower fitting, hinge, and loading plate connected to the
stationary base of the machine; and an upper fitting, hinge, and loading plate connected to the
moving crosshead. The two hinge joints allowed the loading plates to be positioned according to

the thickness of the honeycomb sample. A tensile load was applied through the central axis of the

test machine, connected to the upper edge of one loading plate and lower edge of the other loading
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plate. Although this method did not produce pure shear loading, the normal component was

assumed to be negligible due to the length-to-thickness ratio of the samples.

) — Upper Fitting

l

<+«—— Upper Hinge

<«+— 3/8-inch Steel Bolts and Nuts

Intermediate Plates
Test Sample
Loading Plates

+<— Lower Hinge
+«—— Lower Fitting

=
Figure 2.5: Shear Testing Setup
A custom test setup was developed for out-of-plane shear testing, where the lower fitting was
connected to the stationary base of the Instron machine, and the upper fitting was connected to
the moving crosshead that supports a 30kN load cell.

To facilitate testing of multiple samples without damaging the loading plates, the
honeycomb samples were glued to 1/8-inch steel intermediate plates (Figure 2.5) using Loctite 414
cyanoacrylate (Henkel, Diisseldorf, Germany), which has a shear strength of 18-26 N/mm?. The
plates were sandblasted and cleaned, then a thin layer of glue was applied to one honeycomb
facesheet and one intermediate steel plate. The honeycomb sample was aligned in the centre of the
plate and pressure was applied for 30 seconds. This was left to dry for 30 minutes before

performing the same procedure for the other facesheet and intermediate plate. The samples were

left to cure for 24 hours to allow the glue to fully cure, as per package instructions.
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The sample-intermediate plate configuration was mounted to 3/8-inch steel loading plates
using 3/8-inch steel bolts and nuts. The dimensions of the loading plates were 190 by 89 mm to
extend past the edges of the honeycomb samples. Load and displacement were zeroed on the
Instron, then the shear apparatus with the honeycomb sample was mounted. A preload of 100 N
was applied prior to data collection. The upper loading plate moved at a deformation rate of 4.2x 10
5 m/s, which corresponded to a quasi-static strain rate (§) of 4.2x1073 /s. The samples were sheared
until total failure of either the sample itself or of the adhesive at the interface of a facesheet and
intermediate steel plate. From these tests, the effect of relative density (p) on shear modulus (G)

was determined (objective iii.).
2.2.5 Data Analysis

All data analysis was performed in MATLAB (MathWorks, Natick, Massachusetts, USA)
(Appendix E). Experimental relative density (p) was determined by dividing the mass of each
sample by the mass of a solid with equal external dimensions. Load-displacement data from the
Instron were converted to stress-strain data based on the initial sample dimensions.

For compressive stress-strain results, the maximum slope in the linear-elastic region was
determined and data points before this point were removed and replaced with a line of maximum
slope. Then the stress-strain data was shifted to the origin. Densification strain (¢;) was defined as
the strain at which the slope of the tangent became equal to or greater than the slope of the elastic
regime [99] (Figure 1.20). Volumetric energy absorption (U,) was determined by computing the
approximate integral of stress with respect to strain, before densification strain (&4), using the
trapezoidal method. Compressive peak stress (a;,) was determined by finding the maximum value
of stress between the first data point and the plateau region. Mean and standard deviation of peak
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stress (0;,) and volumetric energy absorption (U,,) were found for each group. From this, the effect
of relative density (p) on volumetric energy absorption (U,,) and peak stress (0,,) were determined
by fitting regression curves to the data (objectives i. and ii.). One-way ANOVAs with post hoc
Tukey tests were used to detect significant differences in volumetric energy absorption (U,,) and
peak stress (0,) among regular honeycomb and honeycomb with 5-7 defects; and among
honeycomb at different loading rates, with a level of significance («) of 0.05.

For compression tests on the EPS foam samples, the same analysis was performed;
however, a different method was used to calculate densification strain (&;) since the slope of the
linear-elastic regime was not reached again in the densification regime. Instead, densification
strain (&4) was defined as the global maximum of energy absorption efficiency (17) (Equation 2.1)
[63].

f:(f o(e)de

ac(er)

n(eg) = Equation 2.1

where g () is the stress at a strain of €, &, is the strain of the initial point, &z is the strain at a
particular point along the curve, and o.(eg) is the stress value corresponding to €. Then mean
and standard deviation of peak stress (0,,) and volumetric energy absorption (U,,) were determined.

For shear tests on honeycomb samples, data noise due to movement of the test apparatus
was removed. A power regression line was fit to the corrected data up until a critical point where
the relationship became non-linear, and the slope of this line was taken as shear modulus (G).
Mean and standard deviation of shear modulus (G) were found for each design. From this, the
effect of relative density (p) on shear modulus (G) was determined by regression analysis

(objective iii.).
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A minimum relative density requirement (0;,er) Was determined by evaluating the
regression equation for honeycomb volumetric energy absorption (U,,) versus relative density (0)
at the value of volumetric energy absorption (U,,) found for EPS foam (objective i.). A maximum
allowable relative density (Dypper) Was determined by evaluating the regression equation for
honeycomb compressive peak stress (o) versus relative density (p) at the stress threshold for skull
fracture (o.) (objective ii.). The most suitable relative density (p) for head protection was
determined by finding the relative density (p) that would minimize shear modulus () in between
the lower and upper relative density limits according to the regression relationship for honeycomb

shear modulus (G) versus relative density (p) (objective iii.)

2.3 Results

2.3.1 Compression Testing

The stress-strain relationships for all honeycomb samples could be described in three
regimes: linear-elastic, where the cell walls exhibited axial compression (Figure 2.6a); stress

plateau, where the cell walls exhibited buckling (Figure 2.6b); and densification (Figure 2.6c¢).

Figure 2.6: Deformation Patterns of Honeycomb Under Compression
a) Shows axial compression of the cell walls, b) shows buckling of the cell walls, and ¢) shows
densification.
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To determine the effect of relative density (p) on out-of-plane compressive properties, six
regular honeycomb designs were 3D-printed with relative density (p) ranging from 14% to 28%

and average out-of-plane compressive stress-strain responses were obtained (Figure 2.7).
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Figure 2.7: Compression Test Results for Regular Honeycomb with Varying p
Average stress-strain curves for out-of-plane compression tests are shown for regular honeycomb
with six different p ranging from 14% to 28%.

Peak stress (o,,) increased with relative density (p) (Table 2.1), and this effect was
represented by a power regression with a coefficient of determination (R?) of 0.98 (Figure 2.8).

According to the regression equation for peak stress (0,), where the stress threshold for skull
fracture (g,) was 1.46 MPa [96], the upper bound on relative density (0ypper) Was determined to

be 22.6%.
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Table 2.1: 6, and U,, Results for Regular Honeycomb with Varying p
Average a,, and U, results are given for out-of-plane compression tests on regular
honeycomb with six different p ranging from 14% to 28%. N is the number of samples.

Average p (%) N Average o, (MPa) | Average U,, (kJ/mm°)
13.6 1 044 0.28
148+0.2 3 0.58 +£0.04 030+ 0.01
16.3+0.1 4 0.75+£0.03 041+ 0.01
169+0.2 3 0.87+£0.06 043+ 0.02
198+0.9 3 1.08 £0.08 0.55+ 0.07
279 1 2.08 1.05
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Figure 2.8: o, with Respect to p, Fit with a Power Regression
The relationship between o, and p is shown, where the data points represent the average o, for
each p with standard deviation error bars. The data were fit with a power regression curve. The

red dashed lines represent the skull fracture threshold (o,) and the corresponding upper relative
density limit (Dypper)-
Volumetric energy absorption (U,,) also increased with relative density (p) and this effect

was represented by a power regression (Figure 2.9), where the coefficient depends on the geometry
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of the cellular structure and the exponent depends on the deformation mechanism [92]. The

coefficient of determination (R?) was 0.99.
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Figure 2.9: U,, with Respect to p, Fit with a Power Regression
The relationship between U,, and p is shown, where the data points represent the average U,, for
each p with standard deviation error bars. The data were fit with a power regression curve. The
red dashed lines represent U,, for EPS foam and the corresponding lower relative density limit

(p_lower)-

To obtain a benchmark for the bicycle helmet design, stress-strain results were obtained
for EPS foam under out-of-plane compressive loading (Figure 2.10). The average peak stress (0y,)
was 1.02 £ 0.05 MPa and the average volumetric energy absorption (U,,) was 0.44 + 0.01 kJ/mm?.
Assuming the honeycomb must have at least the energy absorption capacity of EPS foam of 0.435
+0.011 kJ/mm?, a lower bound on relative density (9;ower) Of 17% was predicted by the power

regression for honeycomb volumetric energy absorption (U,,) (Figure 2.9).
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Figure 2.10: Compression Test Results for EPS Foam
Stress-strain curves are shown for out-of-plane compression tests on three EPS foam samples.

To determine the effect of 5-7 defects on out-of-plane compressive properties, three
designs were 3D printed with an average relative density (p) of 17.0 £ 0.25%: regular honeycomb,
honeycomb with stacked 5-7 defects, and honeycomb with staggered 5-7 defects. There were no
statistical differences in relative density (p) between designs. The three designs exhibited similar
average stress-strain curve shapes (Figure 2.11). Peak stress (o,,) was 12% lower for honeycomb
with stacked 5-7 defects (p = 0.20) and 16% lower for honeycomb with staggered 5-7 defects (p =
0.08) compared to regular honeycomb; however, these differences were not statistically significant
(Figure 2.12a). Volumetric energy absorption (U,,) was 13% (p = 0.28) and 16% (p = 0.17) lower
for stacked and staggered 5-7 defect designs, respectively, compared to regular honeycomb;

however, these differences were not statistically significant (Figure 2.12b).
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Figure 2.11: Compression Test Results for Honeycomb with and without 5-7 Defects
Average stress-strain curves are shown for out-of-plane compression tests on regular
honeycomb, honeycomb with stacked 5-7 defects and honeycomb with staggered 5-7 defects.
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Figure 2.12: 0, and U,, Results for Honeycomb with and without 5-7 Defects
Average a,, and U, results are shown for out-of-plane compression tests on regular honeycomb,
honeycomb with stacked 5-7 defects and honeycomb with staggered 5-7 defects. The median is

given by the line inside each box, the edges of the box are the lower and upper quartiles, the
whiskers represent the lowest and highest values, and the red dot is the mean.
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To determine the effect of strain rate (€) on out-of-plane compressive properties, regular
honeycomb samples were 3D-printed with an average relative density (p) of 16.3 + 0.2%. There
were no significant differences in relative density (p) between groups. The stress-strain curve
shapes were similar among the three loading conditions (examples are given in Figure 2.13). Peak
stress (o) increased significantly from the 0.001 /s condition by 17% (p = 0.006) and 23% (p =
0.002) for the 0.03 /s and 0.06 /s conditions, respectively (Figure 2.14a). Volumetric energy
absorption (U,) increased by 9% from the 0.001 /s condition to the 0.03 /s condition, but this
difference was not statistically significant (p = 0.11) (Figure 2.14b). Volumetric energy absorption
(U,) increased significantly from the 0.001 /s condition to the 0.06 /s condition by 22% (p = 0.003)

(Figure 2.14b).
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Figure 2.13: Compression Test Results for Honeycomb Under Different Loading Rates
Average stress-strain curves are shown for out-of-plane compression tests on regular honeycomb
with three different &, including 0.001 /s, 0.03 /s, and 0.06 /s.

50



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

a) . . . b)

1 0.52 -
%k
0.95} ] 0.5
0.9f ¥ ] 0.48}
]
0p 085} 1 Uy oaef *
(MPa) (kJ/mm?3)
0.8} ] 044}
T
0.75} . : 042} T
—t
0.7 0.4

0.001/s 0.03/s 0.06/s 0.001/s 0.03/s 0.06/s

Figure 2.14: 0, and U,, Results for Honeycomb Under Varying &
Average o, and U, results are shown for out-of-plane compression tests on regular honeycomb
with three different &, including 0.001 /s, 0.03 /s, and 0.06 /s. The median is given by the line

inside each box, the edges of the box are the lower and upper quartiles, the whiskers represent
the lowest and highest values, and the red dot is the mean. An asterisk (*) shows a significant
difference from the 0.001 /s loading condition (p < 0.05).
In testing the effect of multiple out-of-plane compression cycles on the properties of
honeycomb, the stress-strain curves exhibited similar shapes (an example is given in Figure 2.15).
However, peak stress (0,,) and volumetric energy absorption (U, ) decreased significantly by 51%

and 49%, respectively. As well, residual cell wall bending was observed after the first compression

(Figure 2.16).
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Figure 2.15: Results for Repeated Compression Tests on Honeycomb
Stress-strain curves are shown for regular honeycomb under two rounds of out-of-plane
compressive loading to test the reusability of the design, where there was a decrease in 0, and

Figure 2.16: Honeycomb Sample After First Compression Test
Permanent cell wall bending was observed in honeycomb samples after the first compression
test.
In testing the effect of multiple out-of-plane compression cycles on the properties of EPS

foam, volumetric energy absorption (U,) decreased by 99.9% from the first to the second

compression (an example is given in Figure 2.17).
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Figure 2.17: Results for Repeated Compression Tests on EPS
Stress-strain curves are shown for EPS foam under two rounds of out-of-plane compressive
loading.

2.3.2 Shear Testing

Shear deformation of the honeycomb samples was seen as cell wall tilting in the linear-

elastic region (Figure 2.18a), followed by cell wall buckling and bulging (Figure 2.18b).
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Figure 2.18: Deformation Patterns of Honeycomb Under Shear Loading
a) Deformation in the linear-elastic region was followed by b) cell wall buckling and bulging.

To determine the effect of relative density (p) on out-of-plane shear properties, four regular
honeycomb designs were 3D-printed with relative density (p) ranging from 15% to 27% and
average stress-strain responses were obtained (Figure 2.19a), where the portion of the curve prior
to yielding is the area of interest (Figure 2.19b). It is important to note that delamination occurred
due to adhesive failure prior to honeycomb failure for some samples, and in these cases, the
maximum stress on the stress-strain curve is not representative of the shear strength of the

structure.
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Figure 2.19: Shear Test Results for Regular Honeycomb with Varying p
Average stress-strain relationships are shown for out-of-plane shear tests on regular honeycomb
with four different p ranging from 15% to 27%. a) Shows the entire stress-strain curves, and b)
shows a portion of the stress-strain curves in the linear-elastic regime only.

Shear modulus (G) increased with relative density (p) (Table 2.2), and this effect was

represented by a power regression with a coefficient of determination (R?) of 0.90 (Figure 2.20).

55



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

Table 2.2: Average G for Regular Honeycomb with Varying p
Average G results are given for out-of-plane shear tests on regular honeycomb with four different
p ranging from 15% to 27%. N is the number of samples.

Average p (%) N Average G (MPa)
14.7+0.1 3 0.83 £0.07
175103 3 091 £0.09
223+0.1 3 098 £0.21
274+02 2 1.28 £0.20
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Figure 2.20: G with Respect to p, Fit with a Power Regression
The relationship between G and p is shown, where the data points represent the average G for
each p with standard deviation error bars. The data were fit with a power regression curve.

2.3.3 Determining the Most Suitable Honeycomb Relative Density

To determine the most suitable honeycomb design for head protection, a lower bound on
relative density (Djower) Of 17% was predicted by the power regression for honeycomb volumetric
energy absorption (U,) according to the properties of EPS foam (objective i.), and an upper bound

on relative density (Dypper) Of 22.6% was predicted by the power regression for honeycomb
56



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

compressive peak stress (a;,) according to the stress threshold for skull fracture (o,) (objective ii.).
The relative density (p) that minimized shear modulus (G) was then determined using the
regression relationship between these lower and upper limits (objective iii.). Based on these
objectives the interception of shear modulus (G) and the lower limit gave the most suitable

honeycomb relative density (p) of 17% (Figure 2.21).
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Figure 2.21: Determining the Most Suitable Honeycomb p
The power regression for G with respect to p is shown, along with the lower and upper limits
given by the results for objectives i. and ii. A relative density of 17% was determined to be most
suitable for head protection.

2.4 Discussion

A bicycle helmet design was proposed using hexagonal honeycomb with pentagon-
heptagon (5-7) defects. Out-of-plane compression and shear tests were performed, where it is

critical for a helmet to absorb energy in these loading directions to prevent skull fracture and
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diffuse TBI. The use of 3D-printing was beneficial in facilitating rapid prototyping of specific
designs with varying geometries. The test samples were highly consistent in size and p; and the
size of the samples was representative of the structure that would attenuate energy during a
helmeted collision. It is important to note that the samples were flat, not curved like in a full-scale
bicycle helmet and this may have affected the results. However, this allowed results to be obtained
on the material level and was an important simplification to make for ease of 3D-printing.

TPU was selected as the solid material with which the honeycomb samples were made
since it is an elastomer, meaning that following the deformation of the structure, it could potentially
restore its original shape and mechanical properties and allow reusability of the helmet for multiple
impacts [61]. NinjaTek Cheetah was specifically chosen for its relatively high strength compared
to other elastomeric materials to provide sufficient volumetric energy absorption (U,) without
densification occurring during an impact.

The properties of honeycomb were highly affected by relative density (p), as expected [61].
This geometric parameter was altered to determine a design most suitable for both skull fracture
and TBI protection. The design objectives were defined by relating head injury mechanisms to the
mechanical properties of honeycomb including volumetric energy absorption (U,)), a measure of
how much kinetic energy of the impact can be absorbed by the structure (objective i.); compressive
peak stress (0,), which corresponds to the stress directly transmitted to the head upon impact
(objective ii.); and shear modulus (G), which is related to the level of rotational head motion caused
by an impact (objective iii.). The chosen design was based only on these properties and no
consideration was made to the resulting weight of the helmet, which is important for its practical

use and also may affect the inertia of the head upon impact.
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Volumetric energy absorption (U,) increased in relation to relative density (p) in the tested
range; however, for higher relative densities (p), volumetric energy absorption (U,) would be
expected to reach a maximum and then decrease to approach the volumetric energy absorption
(U,) of the solid material. The energy absorption capacity of the EPS foam samples provided a
benchmark for the minimum value of volumetric energy absorption (U,,) required (objective i.).
This was used to determine a lower bound on honeycomb relative density (p) to ensure the
honeycomb helmet would meet testing standards and not reach densification during impact. Future
design iterations could instead consider a design objective of maximizing volumetric energy
absorption (U,) while minimizing the weight of the helmet.

Compressive peak stress (o;,) increased in relation to relative density (p) and this
relationship allowed an upper bound on relative density (0ypper) to be determined according to
the stress threshold for skull fracture (g,) (objective ii.). It is important to note that the threshold
for skull fracture (o,) of 1.46 MPa used in this study does not represent the entire population, since
injury thresholds vary with factors such as age and sex. However, this is aligned with industry
standards where testing for protective equipment frequently uses thresholds based on average
population response. Future honeycomb helmet designs could be tuned to best protect different
populations.

Honeycomb designs with stacked and staggered 5-7 defects were tested because previous
work showed that these arrangements promoted different collapse mechanisms and can strengthen
or weaken the structure [92], consistent with the findings of the current study where the inclusion
of 5-7 defects decreased the peak stress. 5-7 defects must be included to accommodate the
curvature of the head; however, design choices were based on the properties of regular honeycomb,

and therefore is an area for further investigation.
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The honeycomb samples did not maintain their strength or energy absorption capability
after they were compressed, which in high severity impacts (that can cause skull fracture) may be
beneficial; however, it would be desirable to achieve elastic deformation under combined dynamic
loading to reduce the need for helmet replacement — this is explored in Chapter 3. The honeycomb
samples still showed potential for energy absorption in repeated impacts, especially compared to
EPS foam. It is important to note that the honeycomb samples were compressed until after the
onset of densification — under realistic impact conditions, densification would not likely occur, and
as such the honeycomb may be more recoverable. As well, the 3D-printing process could have
contributed to the plastic deformation of the cell walls and the design may be more recoverable
with a different manufacturing process.

In out-of-plane shear tests, honeycomb samples exhibited linear-elastic behaviour followed
by buckling and bulging of the cell walls, consistent with previous scientific research [61]. It is
important to note that the test setup did not induce pure shear loading; however, due to the chosen
dimensions of the samples, the normal force component was assumed to be negligible [98]. A
relationship was obtained for shear modulus (G) with respect to relative density (p) in the form of
a power regression, and the most suitable design was chosen based on minimizing this parameter
(objective iii.) in the corridor defined from objectives i. and ii. The primary outcome was shear
modulus (G) due to its relationship to the rotational acceleration of the head following impact
(Appendix B). With the design objective of minimizing shear modulus (G), an assumption was
made that the shear deformation experienced in an impact would not exceed the linear-elastic
region and this should be tested in future work. The ratio of yield stress to compressive stress as a
measure of the anisotropy of the structure could also be considered, where greater anisotropy

would be beneficial for simultaneous protection against skull fracture and diffuse TBI.
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A limitation of the current study is that mechanical testing was primarily performed at a
quasi-static strain rate (€), which is not representative of a realistic head impact in a bicycle
accident. Therefore, the rate dependence of honeycomb was explored using strain rates (€) up to
6x1072 /s, which was limited by the capability of the Instron materials testing machine. The results
showed that peak stress (0,,) and volumetric energy absorption (U,) increased with strain rate (€)
and therefore this factor should be considered when determining the most suitable honeycomb
design for head protection (Chapter 3). Strain rates (€) representative of a real-world head impact
should be explored.

The findings of this study suggest that honeycomb geometry can be modified to develop a
design suitable for head protection. The honeycomb helmet design demonstrated potential to
effectively protect against both skull fracture and TBI, by mitigating the radial and tangential force

components.
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Chapter 3 — Dynamic Impact Testing

Overview: Since real-world accidents typically occur at high velocities,
dynamic impact testing was performed to explore the effectiveness of the
honeycomb design in comparison to EPS foam. A twin wire drop tower setup was
used to induce both radial (pure compression) and oblique (combined compression
and shear) loading on the samples. The anisotropy of the honeycomb design
compared to EPS foam was highlighted, which is beneficial for traumatic brain
injury protection. The design also showed potential to be reusable for multiple
impacts. Finally, strain rate sensitivity of the honeycomb design was highlighted,

indicating the need to scale the design for protection in dynamic impacts.

3.1 Introduction

Head impacts in real-world bicycle accidents are typically oblique with respect to the
impact surface and transmit both radial and tangential forces to the head, which cause linear and
rotational head kinematics, respectively (Figure 1.4). The ability of a helmet to mitigate these head
kinematics is directly related to the mechanical properties of the structure in compressive and shear
loading (Figure 2.1).

Expanded polystyrene (EPS) foam, which is the most commonly used bicycle helmet
material, sufficiently mitigates radial forces and linear head kinematics and therefore has been
shown to be effective in preventing skull fracture and some traumatic brain injuries (TBIs) [12,

13]. However, EPS foam does not adequately mitigate tangential forces and rotational head
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kinematics and therefore is not effective in preventing many types of TBI such as concussion and
diffuse axonal injury (DAI) [64]. The limitations of EPS foam helmets are highly attributed to the
insufficient deformation that is achievable under shear loading [61, 66]. Hexagonal honeycomb
has many features that could make it suitable for head protection, especially its anisotropy, where
the shear strength (7,) is lower than the compressive strength (a;,) [61, 93] to allow sufficient
deformation for mitigation of rotational head kinematics. As well, honeycomb can be made from
elastomeric materials with the potential to be recoverable and therefore effective for repeated
impacts without requiring replacement.

A drop tower test setup is commonly used for standardized helmet testing (Figure 1.11)
[77] and advanced helmet testing involving an oblique impact surface [60, 71, 75]. In oblique tests,
helmets are evaluated based on the linear and rotational kinematics of an anthropomorphic test
device (ATD) headform following impact. For drop tower tests that involve an ATD head only (no
neck), the mass of the drop assembly is typically 5.0 + 0.1 kg [77]. Impact velocities of 4.8 m/s
and 6.2 m/s have been targeted with platen angles (8) of 30°, 45°, and 60° from the horizontal to
represent real-world accidents [60, 71, 75]. Oblique drop tower testing would be considered a
combined loading scenario, transmitting both compressive and shear forces to the helmet. In the
process of designing a helmet for skull fracture and TBI protection, it would be beneficial to
replicate these drop tower impacts but on a smaller scale, before developing full-scale helmet
prototypes.

In Chapter 2 the compressive and shear properties of various honeycomb designs were
explored independently, under quasi-static conditions. From these results, one honeycomb design
was chosen as the most suitable for skull fracture and TBI protection. Here, the effectiveness of

the chosen design was explored through dynamic drop tower impact tests on small, flat honeycomb
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and EPS foam samples, where combined compressive and shear loading was produced at impact
velocities and energies seen in real-world bicycle accidents. The goals of the study were to
determine the effect of impact velocity (v;) and the effect of an angled compared to flat impact
(combined loading versus pure compressive loading) on the honeycomb peak compressive stress
(0p), peak shear stress (7,,), and energy absorption per unit volume (U,,). As well, the reusability

of the honeycomb design was explored and comparisons to EPS foam were made.

3.2 Methods

3.2.1 Test Setup

Honeycomb samples with a target relative density (p) of 17% were generated in nTopology
(New York, USA), and 3D-printed (Appendix C) with thermoplastic polyurethane (TPU) filament,
Ninjatek Cheetah (Ninjatek, Manheim, USA), an elastomeric material, which has a density of 1.22
g/cm’, a tensile strength of 39 MPa, a hardness of 95 Shore A, and an elongation at break of 580%.
The area of the samples was 8840 mm?, which was consistent with compression testing samples
in Chapter 2 and with the average contact area in a helmeted bicycle accident [97]. The thickness
of the samples (25 mm) was chosen for consistency with typical EPS foam bicycle helmets and
samples in Chapter 2. Facesheets with a 1 mm thickness that extended 0.5 mm on each side were
3D-printed onto the bottom surface of the honeycomb structures with the same TPU material to
increase the surface area for adhesion to the testing apparatus (Figure 3.2b). EPS foam samples
with identical dimensions and a density of 85 kg/m* were obtained (Seven Star Sports, Hamilton,
Ontario, Canada). Custom test setups were designed for dynamic impacts to these flat honeycomb

and EPS foam samples on flat and angled platens (Appendix D).
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The test setup (Figure 3.1) consisted of a flat steel impactor mounted to a National
Operating Committee on Standards for Athletic Equipment (NOCSAE) carriage. The carriage
together with the impactor weighed 3.9 kg. Weights were added to the impactor to reach a total of
5.0 kg. This weight was selected to mimic the mass of the human head and to match Consumer
Product Safety Commission (CPSC) standards [77]. The carriage was guided by two vertical wires

and dropped onto the test sample, sitting on a steel platen.

— S

4y
Rope and pulley system ¢ ‘n

Vertical guide wires 'k . i

Test sample == u e Platen
Dz N ; :‘ @ \J

1

U “ » 2 _ig‘ Load cell

Figure 3.1: Impact Testing Setup
The dynamic test setup consisted of a flat steel impactor mounted to a NOCSAE carriage, which
was guided by two vertical wires and dropped onto the test sample, sitting on a platen and load
cell.
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Three different impact scenarios were tested:
i.  Slow, flat platen: target impact velocity (v;) of 4.8 m/s with a horizontal platen and
impactor (Figure 3.2a)
ii.  Fast, flat platen: target impact velocity (v;) of 6 m/s with a horizontal platen and impactor

(Figure 3.2a)

iii.  Slow, angled platen: target impact velocity (v;) of 4.8 m/s with the platen and impactor
angled at 45° from the horizontal (Figure 3.2b)

For impact scenarios i. and iii., tests were performed on both honeycomb and EPS foam
samples to determine the effect of impact angle (6) and identify any differences in behaviour
between the two cellular structures. For impact scenario ii., tests were performed on honeycomb
samples only to determine the effect of impact velocity (v;) on honeycomb behaviour. Three
samples (N = 3) were tested for each group. For all impact scenarios, three tests were performed
consecutively on each sample to explore the potential for reusability of honeycomb and EPS foam.

A 6-axis load cell was mounted between the platen and the base. The output signals from
the load cell were collected using a data acquisition system (PXIe-1082, National Instruments,
Austin, Texas, USA) and custom-written LabVIEW® (National Instruments, Austin, TX, USA)
program (Appendix F) at a sampling rate of 50 kHz. The load cell was zeroed prior to performing
tests for each impact scenario. For flat platen tests, force was recorded in the z-direction only
(Figure 3.2a); and for angled platen tests, force was additionally measured in the x-direction
(Figure 3.2b).

A MEMRECAM HX-3 (nac Image Technology, Tokyo, Japan) high-speed camera was
placed in line with the test sample to capture a series of images for all impacts. The camera

provided 1024 X 520 pixel resolution and recorded footage at 7,500 frames per second. Two
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spotlights were directed toward the impact area from behind the high-speed camera to offer a clear

view of the impact.

a)

Weights

Horizontal impactor

Test sample

Test sample -

| n i y Horizontal platen

Intermediate plate

6 = 45° platen

Load cell

Figure 3.2: Impact Testing Scenarios
a) Shows the flat impact scenario with a horizontal platen and impactor, where load was
measured in the Z-direction; and b) shows the angled impact scenario with a platen and impactor
angled at 8 = 45° with respect to the horizontal, where load was measured in the Z-direction and
X-direction.
For the oblique tests, the honeycomb samples were glued on one side to steel plates using
Loctite 414 cyanoacrylate (Henkel, Diisseldorf, Germany), which has a shear strength of 18-26
N/mm?. A thin layer of the adhesive was applied to both the honeycomb facesheet and the steel

plate, then the honeycomb sample was aligned in the centre of the plate and pressure was applied

for 30 seconds. The samples were left to cure for 24 hours to allow the glue to fully cure, as per
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package instructions. The identical procedure was followed for adhering EPS foam samples to
steel plates; however, to avoid dissolving the foam, LePage epoxy (Henkel, Diisseldorf, Germany)

was used, which has a shear strength of 24.8 + 0.49 N/mm?.
3.2.2 Data Analysis

Impact velocity (v;) for each test was determined by the position of the impactor in the
high-speed camera footage. Deformation was also determined from high-speed camera footage
where the position of the front, bottom edge of the impactor was recorded in each frame from the
first observable contact on the sample (Figure 3.7 a, ¢, and e; and Figure 3.14 a and c), to the point
of maximum deformation (Figure 3.7 b, d, and f; and Figure 3.14 b and d) using ImageJ (NIH,
Bethesda, Maryland, USA) with the MTrackJ plugin. Load-deformation data were converted to
stress-strain data based on initial sample dimensions.

The following data analysis was performed in MATLAB (MathWorks, Natick,
Massachusetts, USA) (Appendix E). For angled platen impact tests, compressive and shear forces
were calculated from the load cell data in two axes using a rotation matrix. The primary outcomes
were peak compressive stress (0y), energy absorption per unit volume (U,,), and peak shear stress
(Tp). Volumetric energy absorption (U,,) was calculated as the integral of the stress-strain curve
until the point of maximum deformation.

Unpaired t-tests assuming equal variances were performed to detect differences between
initial slow and fast impacts, and slow impacts on honeycomb versus EPS foam. To give adequate
power, a two-way ANOVA was performed to detect any differences in average compressive peak
stress (0,) or volumetric energy absorption (U,,) between slow and fast impacts, pooling the results

for initial and repeated impacts. A two-way ANOVA was performed to detect differences between
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the first, second, and third impacts on honeycomb, pooling the slow and fast impacts. A one-way
ANOVA was performed to detect differences between the first, second, and third impacts on EPS
foam in the slow impact scenario. For angled platen tests, t-tests were performed to detect any
difference between compression and shear, and between honeycomb and EPS. T-tests were also
performed to detect differences in compressive peak stress (a;,) between flat and angled impacts.
One-way ANOVAs were performed to detect differences between the first, second, and third
impacts on each structure and in each loading direction. A level of significance («) of 0.05 was

used in all statistical tests and post hoc Tukey tests were performed following all ANOVAs.

3.3 Results

Regular honeycomb samples were 3D-printed with an average relative density (p) of 16.2
+ 1.1%. The average impact velocities (v;) were 4.85 + 0.09 m/s and 5.76 + 0.04 m/s for slow and
fast impact scenarios, respectively. Honeycomb stress-strain responses were compared between

slow and fast impact velocities on the flat platen (Figure 3.3a and Figure 3.3b).
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Figure 3.3: Stress-Strain Results for Flat Platen Impact Tests
Stress-strain curves for flat platen impact tests are shown for a) honeycomb under the slow
impact condition (4.85 m/s), b) honeycomb under the fast impact condition (5.76 m/s), and c)
EPS foam under slow impact condition (4.85 m/s).
Considering the initial impacts only, average compressive peak stress (o;,) increased by
23% (p = 0.09) and volumetric energy absorption (U,) increased by 41% (p = 0.17), in the fast

compared to slow impacts; however, these differences were not statistically significant (Figure

3.4).

70



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

a) : : b) 0.18 ; :
241 - ]
2al | 0.16} T
i = — 1 0.14} .
1.8} ]
Op ° Uy 3 0.12
(MPa) 1.6} | (kJ/mm?) .,
1.4} — ] 0.1p —
12} ] i
0.08 T
1 L
: - 0.06 s .
Slow Fast Slow Fast

Figure 3.4: 0, and U, Results for Initial Slow and Fast Impacts
Average o, and U, results are shown for flat impact tests (initial impacts only) under slow and
fast impact conditions. The median is given by the line inside each box, the edges of the box are
the lower and upper quartiles, the whiskers represent the lowest and highest values, and the red
dot is the mean.

In pooling means for all initial and repeated impacts, average compressive peak stress (o)

and volumetric energy absorption (U,,) significantly increased by 17% (p = 0.023) and 45% (p =

0.0005), respectively, in the fast compared to slow impacts (Figure 3.5).
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Figure 3.5: 0, and U,, Results for Slow and Fast Impacts
Average o, and U, results are shown for flat impact tests (pooled results) under slow and fast
impact conditions. The median is given by the line inside each box, the edges of the box are the

lower and upper quartiles, the whiskers represent the lowest and highest values, the red dot is the
mean, and the blue x’s are outliers. An asterisk (*) shows a significant difference from the slow
impact condition (p < 0.05).
For the slow, flat platen impact scenarios, stress-strain responses were compared between
honeycomb and EPS foam (Figure 3.3a and Figure 3.3¢). Average compressive peak stress (o)
was 39% lower for EPS foam compared to honeycomb (p = 0.01) (Figure 3.6a). Average

volumetric energy absorption (U,) was 22% higher for EPS foam compared to honeycomb;

however, this difference was not statistically significant (p = 0.16) (Figure 3.6b).
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Figure 3.6: 0, and U,, Results for Honeycomb and EPS Foam

Average a,, and U, results are shown for flat impact tests (initial impacts only) on honeycomb

and EPS foam. The median is given by the line inside each box, the edges of the box are the

lower and upper quartiles, the whiskers represent the lowest and highest values, and the red dot is

the mean. An asterisk (*) shows a significant difference from the slow impact condition (p <
0.05).

For flat platen impacts, honeycomb samples experienced some buckling of the cell walls

at the point of maximum deformation (Figure 3.7b). A greater degree of cell wall buckling was

observed in high-speed camera footage for the fast compared to the slow impact scenario (Figure

3.7d). All honeycomb samples returned to their original dimensions according to measurements

taken in from camera footage following each impact. In comparison, EPS foam samples

experienced deformation in the form of crack propagation (Figure 3.7f), and their thickness was

permanently reduced following each impact by an average of 2.75 mm.
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Figure 3.7: Deformation Patterns for Flat Platen Impacts
Photographs of honeycomb and EPS foam samples are shown at the point of first contact (a, c,
and e) and the point of maximum deformation (b, d, and f). a) and b) show honeycomb in the
slow impact scenario. ¢) and d) show honeycomb in the fast impact scenario. e) and f) show EPS
foam in the slow impact scenario.

Honeycomb stress-strain responses were compared among initial and repeated impacts —

an example for the slow impact condition is given in Figure 3.8a and an example for the fast impact

condition is given in Figure 3.8b.
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Figure 3.8: Example Stress-Strain Results for Repeated Flat Platen Impact Tests
Example stress-strain curves are for repeated flat platen impact tests are shown for a) honeycomb
under the slow impact condition, b) honeycomb under the fast impact condition, and ¢) EPS
foam under the slow impact condition. Blue is the first (initial) impact, orange is the second
impact, and yellow is the third impact.

There were no significant differences in average compressive peak stress (o,) or

volumetric energy absorption (U,,) among the initial impact and the repeated impacts when results

for slow and fast impact scenarios were pooled (Figure 3.9).
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Figure 3.9: 0, and U, Results for Initial and Repeated Impacts on Honeycomb
Average o, and U, results are shown for the first, second, and third flat platen impact tests on
honeycomb. The median is given by the line inside each box, the edges of the box are the lower

and upper quartiles, the whiskers represent the lowest and highest values, the red dot is the mean,
and the blue x’s are outliers.
EPS foam stress-strain responses were compared between initial and repeated impacts —an

example is given in Figure 3.8c. There were no significant differences in compressive peak stress

(0p) or volumetric energy absorption (U,,) among the first, second, and third impacts (Figure 3.10).
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Figure 3.10: 0, and U,, Results for Initial and Repeated Impacts on EPS Foam
Average o, and U, results are shown for the first, second, and third flat platen initial impacts on
EPS foam. The median is given by the line inside each box, the edges of the box are the lower
and upper quartiles, the whiskers represent the lowest and highest values, and the red dot is the
mean.

Compressive and shear stress (o and 7) responses were compared for honeycomb and EPS

foam samples — examples are given in Figure 3.11.
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Figure 3.11: Example o and 7 Results for Angled Platen Impact Tests
Example stress-time curves are shown for angled platen impact tests. a) Shows results for
honeycomb and b) shows results for EPS foam. Blue is ¢ and orange is 7.

In terms of anisotropy, there were significant differences in mechanical response between

compressive and shear loading directions. For honeycomb samples, average shear peak stress (7,)
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was 10% lower than compressive peak stress (0,,) (Figure 3.12a). In comparison, for EPS foam

samples shear peak stress (7,) was 15% higher than compressive peak stress (o) (Figure 3.12b).
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Figure 3.12: Peak Stress Results for Compressive and Shear Loading
Average stress results are shown for o, and 7,, for angled platen impact tests. a) Shows results
for honeycomb and b) shows results for EPS foam. The median is given by the line inside each
box, the edges of the box are the lower and upper quartiles, the whiskers represent the lowest and
highest values, and the red dot is the mean. An asterisk (*) shows a significant difference from
compressive stress (p < 0.05).

The average compressive peak stress (g;,) was 22% higher for honeycomb compared to

EPS foam (Figure 3.13a); however, shear peak stress (7, ) results were not different (Figure 3.13b).
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Figure 3.13: 0, and 7, Results for Honeycomb and EPS Foam
Average o, and 7, results are shown for initial angled impact tests on honeycomb and EPS
foam. The median is given by the line inside each box, the edges of the box are the lower and
upper quartiles, the whiskers represent the lowest and highest values, and the red dot is the mean.
An asterisk (*) shows a significant difference from honeycomb (p < 0.05).

For angled platen impacts, honeycomb samples experienced combined buckling and shear
tilting of the cell walls at the point of maximum deformation (Figure 3.14b) and returned to their
original shape following impact. A lesser degree of cell wall buckling was observed compared to
in flat platen impacts. In comparison, EPS foam samples experienced combined compressive and
shear deformation in the form of crack propagation, and their shape was permanently altered as a
result of each impact (Figure 3.14d). The platen and impactor were not exactly parallel, as
observed by analyzing high camera footage video after testing. Therefore, the degree of

deformation was inconsistent on different parts of the samples, a uniform strain could not be

measured, and volumetric energy absorption (U,,) was not presented.
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Figure 3.14: Deformation Patterns for Angled Platen Impacts
Photographs of honeycomb and EPS foam samples are shown at the point of first contact (a and
¢) and the point of maximum deformation (b and d).

There were no significant differences in compressive peak stress (o) or shear peak stress
(Tp) between the initial impact and repeated impacts for honeycomb (Figure 3.15a and Figure
3.15b). In comparison compressive peak stress (o,) and shear peak stress (7,) increased

significantly (by 9 to 15%) between initial and repeated impacts on EPS foam samples (Figure

3.15¢ and Figure 3.15d).
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Figure 3.15: 0, and 7, Results for Initial and Repeated Impacts

Average o, and 7, results are shown for the first, second and third angled platen impact tests. a)
and b) Show results for honeycomb. c) and d) Show results for EPS foam. The median is given
by the line inside each box, the edges of the box are the lower and upper quartiles, the whiskers

represent the lowest and highest values, and the red dot is the mean. An asterisk (*) shows a
significant difference from the first impact (p < 0.05).

Compressive peak stress (0,) results were compared between flat and angled impact

scenarios (i. and iii.) and significant differences were found. Honeycomb compressive peak stress

(0,,) was 66% lower for angled platen tests compared to flat platen tests (Figure 3.16a). Similarly,
p y
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EPS foam compressive peak stress (g;,) was 56% lower for angled platen tests compared to flat

platen tests (Figure 3.16b).
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Figure 3.16: o, for Flat and Angled Impacts onto Honeycomb and EPS Foam
Average gy, results are shown for initial flat and angled platen impacts. a) Shows results for
honeycomb and b) shows results for EPS foam. The median is given by the line inside each box,
the edges of the box are the lower and upper quartiles, the whiskers represent the lowest and
highest values, and the red dot is the mean. An asterisk (*) shows a significant difference from
the flat impact condition (p < 0.05).

3.4 Discussion

The effectiveness of hexagonal honeycomb for head protection in bicycle accidents was
explored through drop tower impact tests on small, flat samples. The custom test setup successfully
achieved pure compression and combined compressive and shear loading scenarios. As well,
impact velocities and energies that represent real-world bicycle accidents were attained. The test
samples were highly consistent in size and relative density (p); and the size of the samples was
representative of the structure that would attenuate energy during a helmeted collision and

consistent with samples used in Chapter 2.
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It is important to note that the samples were flat, not curved like in a full-scale bicycle
helmet and this may have affected the results. This was however an important simplification to
make for ease of 3D-printing and in using the results in conjunction with Chapter 2 results to make
future design choices. As well, mitigation of head kinematics was assumed to be dependent on the
honeycomb mechanical properties alone, whereas other factors may affect this, such as the weight
of the helmet.

The conditions used in previous studies that performed full-scale oblique drop tower
helmet testing were targeted. The fast impact velocity (v;) of 5.76 m/s did not match the target of
6.2 m/s, which is used in testing standards, due to the height limitation of the drop tower. The
difference between slow and fast impact velocities still allowed for comparisons and allowed strain
rate dependence to be determined in the range of impact velocities seen in real-world accidents.

Results suggested that impact velocity (v;) had a significant effect on honeycomb
compressive peak stress (o,) in flat platen impact tests, which indicated the honeycomb’s
sensitivity to strain rate. Since the tested honeycomb design was based on the results of quasi-
static testing (Chapter 2), this suggested the design should be scaled to ensure the compressive
peak stress (ag;,) does not exceed the skull fracture threshold (a;), even for high-velocity impacts.
However, the honeycomb samples also absorbed significantly more energy in the fast impact
condition — this is likely due to the higher levels of deformation achieved. The differences between
slow and fast impact scenarios were not statistically significant considering only the initial
impacts; however, this is likely due to the small sample size, which is a limitation of the study.
Densification did not occur in any of the impacts, also suggesting the possibility of reducing the

strength of the design in the future.
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Compressive peak stress (g;,) and volumetric energy absorption (U,,) were significantly
higher for honeycomb compared to EPS foam, which was also indicative of the honeycomb’s strain
rate sensitivity since in the quasi-static test condition (Chapter 2), volumetric energy absorption
(U,) was equal between materials. The lower volumetric energy absorption (U,,) achieved by the
honeycomb samples compared to foam despite the increased compressive peak stress (o,,) was due
to the lesser degree of deformation experienced by the honeycomb samples.

In angled impact tests on the honeycomb samples, shear peak stress (7,,) was significantly
lower than compressive peak stress (g;,), indicating the structure is anisotropic, as expected [61],
and desired for TBI protection. Since densification during impact is not a consideration under shear
loading, lower strength is beneficial to achieve sufficient deformation to mitigate rotational head
kinematics. On the other hand, shear peak stress (7,,) was significantly higher than compressive
peak stress (0,,) for EPS foam. This result was unexpected since EPS is isotropic [61]; however, it
emphasizes the limitations of EPS foam for head protection and the benefits of honeycomb as a
replacement.

Similar to the flat platen tests, the compressive peak stress (o,,) was significantly higher
for honeycomb compared to EPS foam in angled platen tests. There were no differences in shear
peak stress (7,,) between honeycomb and EPS foam, which indicated they would perform similarly
for TBI protection, and reducing the strength of the honeycomb design to account for the strain
rate dependence would likely make the honeycomb superior for TBI protection.

A limitation of this study is that volumetric energy absorption (U,,) could not be calculated
in the angled impact scenario because the platen and impactor were not exactly parallel. To attain

this outcome in future tests, the platen would need to be capable of precise adjustments. However,
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the current test setup still achieved combined loading and allowed compressive peak stress (o)
and shear peak stress (7,,) measurements, which gave meaningful results.

There were no differences in compressive peak stress (o), shear peak stress (7,,), or
volumetric energy absorption (U,,)) in repeated compared to initial impacts on honeycomb in both
flat and angled testing scenarios. This suggested the design would be reusable for multiple impacts
without requiring replacement — a novel contribution for bicycle helmet technology. Compressive
peak stress (ag;,) for EPS foam were not different among repetitions in the flat platen impact
scenario; however, the effect was in the direction of increasing compressive peak stress (0,) and
this may have been detected with a larger sample size. Volumetric energy absorption (U,,) for EPS
foam were also not significantly different among repetitions. The effect was in the direction of
increasing volumetric energy absorption (U,) but it is important to note that the volume was
adjusted for the reduced thickness of the sample following each test. For angled platen tests,
compressive peak stress (0,) and shear peak stress (7,,) increased significantly among impact
replications due to plastic deformation in the form of crack propagation, highlighting the need to
replace traditional bicycle helmets following an accident.

The behaviours of honeycomb and EPS foam were explored under dynamic pure
compressive and combined loading scenarios. The findings of this study suggest that honeycomb
would be beneficial for bicycle helmets in comparison to EPS foam, due to its anisotropy that may
allow sufficient deformation in the shear loading direction. However, the strain rate sensitivity of
the design was also highlighted and suggested the need for further design modifications. This
would involve reducing the relative density (p) of the honeycomb systematically to achieve the

design objectives outlined in Chapter 2, but under real-world dynamic impact conditions.
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Chapter 4 — Full-Scale Helmet Design and Manufacturing

Overview: In this chapter, the strain rate sensitivity of the honeycomb
design was quantified, and this was used to scale the design for protection in
dynamic impact conditions. The honeycomb design was incorporated into the
geometry of a full-scale helmet using Voronoi tessellation. Helmet prototypes were
3D-printed, and a suggested test method was presented to evaluate the full-scale

helmet in comparison to existing bicycle helmets.

4.1 Introduction

Traditional EPS foam helmets effectively reduce the risk of skull fracture and severe
traumatic brain injury (TBI) but not diffuse TBI (Section 1.3), which is primarily caused by the
rotational motion of the head from the tangential force component of an impact. Hexagonal
honeycomb could be a suitable replacement for expanded polystyrene (EPS) foam and could be
made from an elastomeric material with the potential to be recoverable, and therefore effective for
repeated impacts without requiring replacement.

Helmets in Canada must meet certain impact attenuation requirements defined by the
Consumer Product Safety Commission (CPSC), where full-scale helmets are attached to an
anthropomorphic test device (ATD) head and undergo drop tower impact tests onto a rigid platen
(Section 1.6). Advanced testing methods also involve full-scale helmets evaluated through drop
tower impact testing using an ATD head and neck, where linear and rotational kinematics of the

headform are measured [60, 71, 75]. As such, new helmet designs must be manufactured as full-
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scale prototypes to evaluate their effectiveness in preventing injury and make comparisons to
existing helmets.

The focus of Chapter 2 and Chapter 3 was on the honeycomb structure itself, simplified in
the form of small, flat samples. From this work, one specific honeycomb design was chosen, and
then dynamic impacts were performed on this design. In incorporating these results into the design
of a full-scale helmet, the curvature of the surface adds complexity, as hexagonal honeycomb
cannot conform to a curved surface without modification [61]. The incorporation of 5-7 defects,
which are seen in beeswax honeycomb, is an option to overcome this challenge without
introducing any discontinuities in the architecture [91, 97]. To incorporate these 5-7 defects into
engineered honeycomb, previous work has used Voronoi tessellation [92], where a set of seed
points are generated, and from each point, a polygon grows outward until neighboring shapes begin
to encroach.

Manufacturing the complex geometry of a honeycomb bicycle helmet would likely be
unachievable by traditional subtractive manufacturing techniques. However, additive
manufacturing (3-D printing) can allow the manufacturing of complex geometries and is also
beneficial for creating small batches of design iterations (prototyping). Fused deposition modeling
(FDM) is a type of 3D-printing, where plastic is melted and deposited in a specified pattern, layer-
by-layer onto a build platform. A variety of solid materials (filaments) can be used with FDM 3D-
printing, including elastomers such as thermoplastic polyurethane (TPU). Manufacturing a
honeycomb helmet with TPU would mean that following the deformation of the structure it could
potentially restore its original shape and mechanical properties [61], allowing it to be reusable.

A helmet design has been proposed that is made of honeycomb with 5-7 defects to

accommodate the curvature of the human head, 3D-printed with TPU. The next step in evaluating
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the honeycomb design was to incorporate the results based on small samples into the form of a
full-scale helmet, to be used in future drop tower impact tests. Therefore, the goals of this Chapter
were to design and manufacture full-scale helmet prototypes. The results of quasi-static and
dynamic testing were used in conjunction to determine the most suitable honeycomb design
according to the objectives defined in Chapter 2, but for dynamic impact conditions that would be
seen in real-world bicycle accidents. The chosen honeycomb design was incorporated into a model

of the helmet, which was then 3D-printed.

4.2 Honeycomb Design

A honeycomb design most suitable for head protection in dynamic impact conditions was
found by comparing peak stress (o,,) results among quasi-static compression testing (Chapter 2)
and dynamic flat platen impact testing (Chapter 3), for one honeycomb design with constant p
among test conditions. The average relative density (p) of the honeycomb samples used for this
analysis was 16.24 + 0.86% and there were no statistical differences in relative density (p) between
test conditions. Compressive peak stress (o) increased by 130% from the quasi-static condition
to the 4.80 m/s condition (p = 0.0005) and 24% from the 4.8 m/s condition to the 5.76 m/s condition
(p = 0.09) (Figure 4.1 and Table 4.). This indicated rate sensitivity and the need to tweak the
parameters of the honeycomb design to be suitable for dynamic test conditions. In comparison,
compressive peak stress (0,) was constant for EPS foam under quasi-static versus dynamic

conditions (p = 0.5) (Figure 4.1 and Table 4.).
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Figure 4.1: o, with Respect to v; for Honeycomb and EPS Foam

0, is shown with respect to v;, illustrating the effect of rate on honeycomb (red) and EPS foam
(blue).

In quantifying the rate sensitivity of honeycomb, the relationship between compressive
peak stress (0,) and relative density (p) was assumed to follow the same trend for all impact

velocities but scaled according to the strain rate sensitivity of the honeycomb. The strength of
foams and lattice structures have been shown to scale with relative density as a power function

[100][101], therefore this is given by Equation 4.1, where 0y (aynamic) 18 dynamic peak stress,
Op(static) 18 static peak stress, K is the scaling factor, and A and b are constants in the power

regression.

The scaling factor (K) was defined as the ratio of dynamic peak stress (0paynamic)) t0
quasi-static peak stress (0p(static)) for a constant known relative density (Equation 4.2).
Ogynamic = KOstatic = KAP® Equation 4.1
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K = Op(dynamic)

Equation 4.2

Tp(static)

A scaling factor (K) was determined for honeycomb with an average relative density (p)
of 16.24% under each dynamic condition (Table 4.), where the scaling factor (K) increased with
increasing impact velocity (v;). Using the calculated scaling factor values (K), relationships
between compressive peak stress (0,) and relative density (p) were predicted for each impact
velocity (v;) (Figure 4.2).

Table 4.1: o, for Flat Platen Tests on Honeycomb with Different Impact Velocities
A summary of average o, results is shown for flat platen quasi-static and dynamic tests on

honeycomb from Chapter 2 and Chapter 3 with calculated values for the scaling factor (K). v; is
the impact velocity and N is the number of samples.

v; (m/s) N Average g, (MPa) K
2.5%x1073 4 0.750 £0.03 -
4.80x0.05 3 1.73+0.25 2.3
5.76 £0.04 3 2.14£0.20 2.85

Table 4.2: o, for Flat Platen Tests on EPS Foam with Different Impact Velocities
A summary of average g, results is shown for flat platen quasi-static and dynamic tests on EPS

foam with percent difference and p-value from the quasi-static condition. v; is the impact
velocity and N is the number of samples. Percent difference and p-value compared to the quasi-
static condition (2.5x10 m/s) are presented.

v; (m/s) N Average o, (MPa) % difference | p-value
2.5%x1073 3 1.019 £0.05 - -
4.80x0.05 3 1.05+£0.07 3.15% 0.5
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Figure 4.2: Power Regression Functions for o, with Respect to p
The power regression relationship for g;, with respect to p is shown from the results of quasi-
static compression tests. Predicted relationships for the 4.80 m/s and 5.76 m/s impact conditions
are also shown for comparison. Experimental data points for p of 16% are included.
Results from quasi-static compression testing (Chapter 2) suggested that the relationship
between compressive peak stress (0;,) and relative density (p) could be represented by Equation
4.3, where the coefficient depends on the geometry of the cellular structure and the exponent
depends on the deformation mechanism (a value of two indicates bending-dominated deformation)
[100][101].
Op(staticy = 31.2p%* Equation 4.3

A new desired relative density (p) was determined by first finding the static peak stress

(Op(static)) that corresponded to a relative density (p) of 17%, which was determined to be the
most suitable relative density (p) in quasi-static conditions (Chapter 2). Using Equation 4.3, the

predicted peak stress was 0.78 MPa. A relative density (p) of 11.4% was found to correspond to
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0.78 MPa for a impact velocity (v;) of 4.80 m/s, using the predicted relationship between dynamic
peak stress (0 (qynamic)) and relative density (p). To ensure the skull fracture threshold (1.46 MPa)
would not be exceeded in other impact conditions, dynamic peak stress (0paynamic)) Was
calculated for the high-velocity condition. This resulted in a predicted value of 1.06 MPa for a
relative density (p) of 11.4% and impact velocity (v;) of 5.76 m/s, which did not exceed the skull

fracture threshold.

4.3 Full-Scale Helmet Modelling and Prototyping

For the design of a full-scale honeycomb helmet prototype, the shape was based on a Seven
Star Sports (Hamilton, Ontario, Canada) multi-sport helmet (Figure 4.3). The helmet consisted of
an EPS foam layer, an outer polyvinyl chloride (PVC) shell (Figure 4.4a), a retention system
(Figure 4.4b), a strap (Figure 4.4c), and comfort padding. It was essential to replicate the shape of
this existing EPS foam helmet to use its components for the honeycomb helmet assembly.

Retention System

PVC Shell

Ventilation Holes EPS Foam

Comfort Padding

Figure 4.3: Seven-Star Multi-Sport Helmet
The Seven-Star multi-sport helmet consists of an EPS foam layer, PVC shell, retention system,
strap, and comfort padding.
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Figure 4.4: Components of an Assembled Helmet
The components of a Seven-Star multisport helmet include a) a PVC shell, b) a retention system,
and c) a strap. These components would be included in the assembly of a full-scale honeycomb
helmet.

In incorporating the final honeycomb design into the geometry of a full-scale helmet, first,
a CAD model of the multi-sport helmet shape was received from Seven Star Sports. The helmet
shape contained notches for attachment of the straps and ventilation holes for the comfort of the
rider. The CAD model was uploaded to Autodesk Inventor (San Francisco, California, USA), and

simplified by deleting ventilation holes, decals, and unwanted surfaces (Figure 4.5).
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Figure 4.5: Model of Helmet Shape
A model of a helmet was simplified to remove unwanted geometry yet retain strap attachment
points.

This helmet model was imported to nTopology (New York, USA). The outer helmet
surface was extracted, and a set of 1000 random points was generated on the surface. Relaxation
iterations were performed to ensure the points were as evenly spaced as possible. The number of
points dictated the number of honeycomb cells and therefore the size of the honeycomb cells,
which was 6 mm to match the cell size of the flat honeycomb models used for testing in Chapter
2 and Chapter 3. To create a honeycomb pattern on the outer surface of the helmet, a Voronoi
boundary lattice was generated from the set of random points. In using this method, the 5-7 defects
were randomly distributed throughout the helmet. The surface lattice was extruded into a 3D
honeycomb structure and the cell walls were then thickened to 0.91 mm to achieve the desired
relative density (p) of 11.4% (Figure 4.6). A brim was made on the bottom surface of the helmet
(perpendicular to the surface of the head) to close in the incomplete honeycomb cells, by extracting

the bottom surface from the original helmet shape and thickening this to I mm. The honeycomb

95



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

and brim were joined, and a mesh was generated and then refined to improve the size, shape, and

uniformity of the mesh elements.

a)

Figure 4.6: Model of Full-Scale Honeycomb Helmet
a) [sometric view, b) side view, ¢) top view, and d) bottom view of the full-scale honeycomb
helmet model.

A Raise3D (Irvine, California, USA) Fused Deposition Modelling (FDM) 3D-printer was
used to manufacture prototypes of the full-scale honeycomb helmet (N=5) (Figure 4.7). Flexfill
TPU (Fillamentum Addictive Polymers, Hulin, Czech Republic) filament was used, which has a
density of 1.23 g/cm?, a tensile strength of 53.7 MPa, a hardness of 98 shore A and an elongation

at break of 318%. The helmet was printed with the brim flat on the print bed, and with a support

structure in the centre-most part of the helmet to support areas with large overhangs or bridging
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(Figure 4.8), which were removed after printing was complete. The dimensions of the 3D-printed

helmets were consistent with the CAD model. The average mass of the helmets was 339+ 7 g.

a) b)

Figure 4.7: 3D-Printed Full-Scale Honeycomb Helmet
a) Isometric view, b) side view, ¢) top view, and d) bottom view of the full-scale helmet
prototype.

Figure 4.8: Honeycomb Helmet with Supports
The honeycomb helmet was 3D-printed with a support structure in the centre-most part of the
helmet to support areas with large overhangs or bridging.
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4.4 Discussion

The results of quasi-static and dynamic testing were used to determine the most suitable
honeycomb design for head protection and this design was applied to the geometry of a full-scale
helmet model, which was 3D-printed with TPU. There was a significant effect of impact velocity
on the desired relative density of the honeycomb and scaling the design to accommodate this was
essential in not exceeding the injury threshold for skull fracture.

In this study, impact velocity effects were only considered in the normal loading direction
— it was assumed that strain rate would have a similar effect in pure shear loading and combined
loading scenarios. With the objective in this loading direction of minimizing shear modulus (G),
lowering the relative density (p) would benefit the outcome in terms of TBI protection.

In terms of helmet modeling, it was important for the shape and size to be consistent with
existing EPS foam helmets to use its components for the honeycomb helmet assembly and for
direct comparisons between honeycomb and EPS foam in future helmet testing (Section 4.4.1). By
using a model of an existing helmet, the shape, size, and other helmet components were controlled,
therefore any differences seen in helmet testing would be attributed to the honeycomb component.
The position of 5-7 defects was random in the honeycomb helmet model. Although this method
was effective at allowing the helmet to conform to the curvature of the head, in future design
iterations, the position of 5-7 defects could be specified in a way that is beneficial for head
protection, as determined through further small-sample testing.

In terms of helmet manufacturing, Flexfill TPU filament was used for 3D-printing due to
its compatibility with the Raise3D printer, whereas NinjaTek Cheetah TPU filament was used for

the honeycomb samples in Chapter 2 and Chapter 3. The material properties of NinjaTek Cheetah
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differ slightly from those of Flexfill, where Cheetah has a density of 1.22 g/cm? (compared to 1.23
g/cm?), a tensile strength of 39 MPa (27% lower than Flexfill), a hardness of 95 Shore A (compared
to 98 Shore A), and an elongation at break of 580% (compared to 318%). With the difference in
strength and hardness, the honeycomb in the full-scale helmet would likely have a higher

compressive peak stress (g,) and volumetric energy absorption (U,), and in future design

iterations, the relative density (p) of the honeycomb could be scaled down accordingly.

In this study, FDM printing was used since it had the lowest cost and was sufficient for
proof-of-concept prototyping. However, FDM is not ideal for printing complex geometries
because of the low resolution and accuracy and the need for support structures. Future iterations
of the design should be 3D-printed with the Selective Laser Sintering (SLS) process, where a laser
fuses together polymer powder. SLS printing is ideal for functional prototyping and end-use parts,
with a low print time, high resolution and accuracy, and no need for support structures. Also, with
FDM printing, the orientation of the print may affect the mechanical properties, therefore the
properties of the honeycomb could vary in different areas on the head — this would be less of a

consideration with SLS 3D-printing.
4.4.1 Recommended Future Testing

To evaluate the full-scale honeycomb helmet design, drop tower impact testing should be
performed. The effectiveness of the honeycomb helmet design would be compared to
commercially available EPS foam helmets that would be identical in terms of size, shape, shell
material, retention system, and comfort padding. The only part of the helmets that would differ is
the honeycomb versus EPS foam layer, therefore any differences in results would be attributed to

this component.
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The test setup would consist of a Hybrid III 50" percentile male head-and-neck
Anthropomorphic Test Device (ATD) mounted to a National Operating Committee on Standards
for Athletic Equipment (NOCSAE) carriage. The headform would be covered in nylon stockings
to mimic hair friction. The carriage together with the impactor should weigh 14.0 kg, to represent
the mass of the human head and include the effective torso mass in a head-first impact [102], and
to be consistent with previous studies [60, 71, 75]. The carriage would be guided by two vertical
wires and the ATD head would impact a steel platen, covered with 80-grit sandpaper to mimic a
real-world impact surface. Two different impact scenarios would be tested:

i.  Horizontal impact platen
ii.  Angled impact platen (45° from the horizontal)

In the first impact scenario (i.), results could be compared to CPSC impact testing
standards. The second impact scenario (ii.) is more representative of real-world head impacts in
bicycle accidents, which typically occur at angles of 30° to 60° with respect to the horizontal
impact surface [22-24]. For both scenarios, an impact velocity of 4.8 m/s would be targeted to
represent real-world accidents and consistent with previous studies [60, 71, 75]. An impact
location on the front of the head would be targeted since this is the most commonly impacted
region according to an analysis of helmets following real-world bicycle accidents [103]. The
Hybrid IIT ATD headform would be instrumented with a 6-axis accelerometer to measure the linear
and rotational kinematics of the headform. A high-speed camera would be used to calculate the
impact velocity. The main kinematic outcomes would be:

- Peak resultant linear acceleration
- Peak y-axis rotational acceleration (sagittal plane)

- Peak y-axis rotational velocity (sagittal plane)
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The probability of sustaining TBI in each impact would be predicted based on the Brain
Injury Criteria (BrIC) and Universal Brain Injury Criteria (UBrIC) (outlined in Section 1.4.4) for
rotation in the sagittal plane. Kinematic response, BrIC, and UBrIC would be compared to the
outcomes for EPS foam helmets to determine the effectiveness of the honeycomb helmet design

for skull fracture and TBI protection.
4.4.2 Conclusions

The relative density (p) of the honeycomb for a full-scale honeycomb helmet was
determined according to the results of quasi-static and dynamic testing to be suitable in dynamic
impact conditions. These results were incorporated into a full-scale helmet model, which was
manufactured using FDM 3D-printing, where the shape, size, and other helmet components (shell,
retention system, and strap) were consistent with an EPS foam helmet. This is an important step
towards the potential implementation of the honeycomb bicycle helmet as a protective device and
has incorporated methods to address the unique challenges of modeling and manufacturing curved
honeycomb for head protection. The next step in evaluating the honeycomb helmet design would

be to perform oblique drop tower impact testing as outlined above.
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Chapter S — General Discussion and Conclusions

Overview: This chapter reviews the study objectives that were established
in Chapter 1, by summarizing the main outcomes from each component and their
importance to the development of the honeycomb helmet design. Overall strengths
and limitations of the thesis are presented, and future directions are proposed for

helmet design and testing.

5.1 Summary

Bicycling is a popular activity around the world and a frequent source of head injury,
including skull fracture, facial fracture, and traumatic brain injury (TBI). Traditional expanded
polystyrene (EPS) foam helmets effectively reduce the risk of fractures and severe TBI; however,
there is no scientific evidence that EPS foam helmets reduce the risk of diffuse TBI, such as
concussion (Section 1.3). The overall purpose of the studies presented in this thesis was to develop
a helmet design that improves the head protection offered by current helmets in bicycle accidents.
A helmet design was proposed that is made of 3D-printed hexagonal honeycomb with 5-7 defects.

Since this was a novel approach to bicycle helmet design, the properties of small, flat
honeycomb samples were first explored, where 3D-printing was employed for rapid prototyping
(Chapter 2). Accommodating the curvature of the head requires the inclusion of 5-7 defects,
therefore two arrangements were tested under quasi-static compression and shown to decrease the
strength of the honeycomb. A relative density (p) most suitable for head protection was determined

based on the results of quasi-static compression and shear testing, primarily relevant to skull
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fracture and diffuse TBI protection, respectively. The design objectives were to meet a minimum

energy absorption requirement (U,,), for the strength of the honeycomb (a,) to remain below the

skull fracture threshold, and to minimize shear modulus (&) (and subsequently minimize rotational
head motion for diffuse TBI protection). A design most suitable for head protection was chosen,
and strain rate was found to influence the mechanical properties of the honeycomb.

Since helmet certification and real-world bicycle accidents occur at higher rates, and strain
rate sensitivity was highlighted in mechanical testing, dynamic drop tower impact tests were then
performed on the chosen honeycomb design (Chapter 3). Various impact scenarios were explored
with two velocities representative of real-world bicycle accidents, and two orientations including
purely linear (where the impactor and platen were horizontal) and oblique (where the impactor and
platen angled at 45° from the horizontal). The strength of the honeycomb (o) increased with
impact velocity, highlighting the need to scale the design for dynamic impact conditions.
Honeycomb shear strength (z,,) was significantly lower than compressive strength (a,), indicating
its anisotropy, which is beneficial for diffuse TBI protection. Performing repeated impacts on the
honeycomb design did not affect the mechanical properties, indicating the helmet’s potential to be
reused for multiple impact events. The results of this dynamic testing suggested that honeycomb
would be beneficial for bicycle helmets in comparison to EPS foam.

The above quasi-static and dynamic testing culminated in the design of a full-scale
honeycomb helmet (Chapter 4). The rate sensitivity of the honeycomb was quantified, and the
design was scaled to be suitable for dynamic impact conditions. The chosen honeycomb design
was incorporated into the geometry of a full-scale helmet, where Voronoi tessellation was used for

including 5-7 defects in the geometry. Five helmet prototypes were 3D-printed using fused
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deposition modeling (FDM) with thermoplastic polyurethane (TPU). A suggested test method was

presented to evaluate the honeycomb helmet design.

5.2 Strengths and Limitations

Specific strengths and limitations of each component of this research were discussed in
each chapter; however, there are general strengths and limitations applicable to the entire thesis.
A honeycomb helmet design was proposed, and various design parameters were investigated,
including relative density and the presence of 5-7 defects. The effectiveness of the design was
comprehensively explored in many impact scenarios involving different impact velocities and
angles. The design showed potential improvement compared to EPS foam helmets, in small-scale
quasi-static and dynamic testing scenarios. An effective method of applying the developed
honeycomb design to a full-scale helmet was demonstrated, where the design omits EPS foam
altogether, unlike MIPS and WaveCel helmets; and no discontinuities exist within the honeycomb,
unlike HEXR helmets. It is expected that the full-scale honeycomb helmet would reduce the
rotational motion of the head real-world impacts compared to current helmets and subsequently
provide improved protection against TBI. The proposed design also showed potential to be
reusable and provide protection for multiple impact events, unlike any commercially available
helmets.

Small, flat honeycomb samples were used for quasi-static and dynamic testing, which may
not have given identical results to the mechanical properties of a full-scale helmet with curvature.
However, this simplification was reasonable for assessing head protection, and the results would
be representative of the loading that would occur at the point of highest curvature. Using small,

flat honeycomb samples was beneficial in that mechanical properties could be defined, many
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samples could be 3D-printed with various design alterations, and many testing scenarios could be
explored. As well, the size of the samples was chosen according to the typical effective contact
area in a real-world head impact.

The design of the honeycomb helmet was based on the results of quasi-static testing and
then scaled for dynamic impacts, which was not representative of the loading conditions in real-
world bicycle accidents. As a limitation of experimental testing, the design was not directly
optimized in a dynamic testing scenario. FEA is a tool that would allow that to be investigated,
and the model could be validated against the data presented herein. However, the response of one
honeycomb design was explored under dynamic loading conditions representative of real-world
bicycle accidents and compared to the response of EPS foam (Chapter 3). The honeycomb design
was also scaled according to the determined strain rate sensitivity and designed specifically for an
impact velocity in the range seen in bicycle accidents. Although only one design was tested in the
dynamic, combined compressive-and-shear loading scenario, exploring the honeycomb response
to impact on a small scale was a strength of this work. With this, the honeycomb design could be
compared to EPS foam and changes to the design could be made prior to full-scale helmet
prototyping.

A further strength of this work was that design objectives were defined directly based on
the mechanisms of various head injuries including skull fracture and TBI. These injury
mechanisms were related to the mechanical properties of the helmet and the test setups were
designed to obtain these primary outcomes. As well, 3D-printing was employed for rapid
prototyping for all components of this research, which was beneficial for allowing complex
designs, manufacturing samples on demand, minimizing waste compared to subtractive

manufacturing methods, and minimizing cost for small-batch manufacturing.
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Although the focus of this work was specific to bicycle helmets, many components may
have use in future research. For example, the properties of elastomeric honeycomb were defined
under shear loading — a new contribution to the literature. As well, the design concept may be
relevant to other impact attenuation/energy absorption applications, especially those involving

curvature.

5.3 Future Directions

5.3.1 Honeycomb Helmet Design

This work presented the preliminary design of a honeycomb bicycle helmet to protect
against both skull fracture and TBI. Thus far, the concept of using a honeycomb structure for
energy absorption has been introduced, 5-7 defects have been implemented to allow a continuous
honeycomb design to cover the curvature of the human head, an elastomeric material has been
chosen to allow for potential reusability of the design, and a relative density (p) most suitable for
head protection has been determined. Many future directions could be taken in developing
iterations of the honeycomb helmet design.

The honeycomb samples that were explored in Chapter 2 included regular honeycomb,
honeycomb with ‘stacked’ 5-7 defects, and honeycomb with ‘staggered’ 5-7 defects. Future work
could consider the effect of multiple defect ‘boundaries’ on the mechanical properties, where two
or more columns of ‘stacked’ or ‘staggered’ 5-7 defects would be placed within the hexagonal
domain. These results could then be applied to the full-scale helmet by specifying the position of

5-7 defects in a way that is beneficial for head protection.
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In future design iterations, 3D-printing could offer the potential to introduce a relative
density ‘gradient’, where the strength of the honeycomb would be lower closer to the head, and
higher at the outer surface. The objective of this design feature would be to prevent bottoming out
of the helmet with the high-strength layer while allowing even more shear deformation in the low-
strength layer to further reduce the rotational kinematics of the head following impact.

Another future design step could be to add creases in the honeycomb cell walls, parallel to
the surface of the head. This would encourage the honeycomb walls to collapse under compressive

loading, to reduce peak compressive stress (o), without affecting the plateau stress. As outlined

in Section 2.2, the design objectives for compressive loading were to have sufficient volumetric
energy absorption (U,,), while peak stress (0,,) remains below the injury threshold for skull fracture.
With this design feature, volumetric energy absorption (U,,) is expected to be greater for identical
peak stress(a,,), improving the energy absorption efficiency of the honeycomb.

The orientation in which the honeycomb structure is fused deposition modeling (FDM)
3D-printed may affect the mechanical properties. Due to the curved geometry of the helmet, this
means the mechanical properties of the current helmet design would vary between locations on the
head. A suggested next step would be to quantify this difference in mechanical properties. If the
difference is significant, then a multi-axis FDM 3D-printer should be used in future design
iterations to allow the print orientation of the honeycomb to be consistent across the entire helmet.
Alternatively, a different 3D-printing method, such as Selective Laser Sintering (SLS) could be
used. 3D-printing is beneficial for developing prototypes; however, for future full-scale
manufacturing of the honeycomb helmets, the injection molding process would be more time and

cost effective.
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As outlined in Section 2.2, the design objectives included ensuring the peak stress (o) did
not exceed the injury threshold for skull fracture. However, injury thresholds vary with factors like
age and sex. Therefore, a future direction would be to design helmets specifically for different
populations, for example, youth. This would likely involve reducing the strength of the honeycomb
by reducing relative density (p).

The reusability of the helmet was explored through quasi-static testing and small-scale
dynamic drop tower impacts; however, the lifecycle/durability of the design would need to be
quantified in future work. Further, a visual indication of whether the helmet is suitable for
continued use would be necessary. For example, flexible pressure-sensor films could be attached
to the helmet that changes colour according to the amount of force experienced in a single impact
or the cumulative amount of force experienced by the helmet.

Although honeycomb is generally beneficial in terms of its strength-to-mass ratio, the mass
of the helmet was not considered in the design process. For practical use of the helmet, future
iterations of the design could be optimized to reduce mass while providing sufficient energy

absorption capability.
5.3.2 Testing

In this work, quasi-static and dynamic testing was performed on flat honeycomb and EPS
foam samples. For the preliminary design of the honeycomb helmet, these testing methods were
appropriate; however additional considerations could be made in future work.

The design objectives defined in Chapter 2 were not specific to using an elastomeric
material for the honeycomb design. Future work should consider the elastic rebound of the

honeycomb, where under both compressive and shear loading, the honeycomb structure would
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undergo elastic deformation and store elastic potential energy. This elastic potential energy would
be translated to the head as kinetic energy when the honeycomb restores to its original position.
Consideration should be made to ensure this kinetic energy does not have the potential to cause
linear and rotational head kinematics at injurious levels.

Rather than scaling the design according to the strain rate sensitivity of the honeycomb, in
future work, small-sample dynamic drop tower testing (Chapter 3) could be performed on samples
with varying relative density (p) and 5-7 defect arrangements to determine the most suitable design
under these conditions. Alternatively, this could be done using FEA, which would reduce the
number of 3D-printed samples required and allow the exploration of more test conditions,
including a range of impact angles and velocities.

A test method was outlined for evaluating the full-scale helmet design (Chapter 4). The
outcomes of this testing method would be linear and rotational head kinematics and from this,
injury risk would be inferred and compared to that for EPS foam helmets. Future work could use
these head kinematics as an input to a finite element model (FEM) of the human head, where

resulting brain strain could be measured to predict injury risk more accurately.

5.4 Significance

In conclusion, this work presented a new helmet design that has the potential to reduce the
risk of sustaining TBI in a bicycle accident, while also preventing skull fracture. TBIs are currently
frequent in bicycle accidents, have long-term consequences on quality of life, and carry a
substantial economic burden.

Current EPS foam helmets have substantial limitations for head protection and helmets

with advanced helmet technology, such as MIPS, could still be improved upon. An innovative
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solution was presented to address the gaps in head protection. The honeycomb helmet was
designed specifically for real-world bicycle accident conditions and according to head injury
mechanisms. The honeycomb helmet design could potentially further reduce the rotational motion
of the head by providing sufficient deformation in the shear loading direction. A benefit to the
honeycomb design is there are no disconnected cells like in HEXR helmets, to provide consistent
mechanical properties across the head. As well, the honeycomb helmet design would likely be
reusable for multiple impacts, which would have substantial benefits to consumers in further
reducing injury risk, reducing cost, and reducing the environmental impact associated with helmet
replacement following an accident. The reusable honeycomb helmet design presented would also
have implications for other sports, especially those where multiple impact events can occur in one

game, such as hockey and American football.
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Appendix A — Glossary of Anatomical Terms

Arachnoid mater

Axons

Brain

Cerebrum
Cortex
Cranium

Dura mater

Epidural
Intracerebral

Limbic system

Microtubules
Neck extension
Neck flexion

Neuron

Pia mater

Sagittal plane
Subdural

Tissue

Thin membrane between the brain and the skull with a spiderweb-like
appearance (part of the meninges).

Part of a neuron that signals travel through.

Complex organ, that with the spinal cord, makes up the central nervous
system.

Region of the brain that makes up the majority of its volume.
The outer layer of the brain (also known as grey matter).
Bony structure that encloses the brain (also known as the skull).

Strong layer of connective tissue between the brain and the skull (part of
the meninges).

Space between the skull and the dura mater.
Within the cerebrum.

Set of structures in the brain involved in behavioural and emotional
responses.

Polymers of tubulin that form part of the cytoskeleton.
Movement of bending the head backward.
Movement of bending the head forward.

Functional cells of the brain that transmit signals to other nerve cells,
muscles, or gland cells.

Membrane around the surface of the that allows the flow of blood
vessels to the brain tissue and helps to contain cerebrospinal fluid.

Anatomical plane that divides the body into left and right sections.
Between the dura mater and the arachnoid membrane.

Group of cells that perform a specific function.
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Thalamus Area of the brain that processes information from the senses.

White matter Deep tissue of the brain.
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Appendix B — Shear Modulus to Rotational Acceleration

Derivation

This appendix contains the derivation that defines the relationship between the shear
modulus (G) of the honeycomb and the rotational acceleration of the head (a;) following an
impact.

Symbols in relation to honeycomb:

T = shear stress

G = shear modulus

y = shear strain

A = shear deformation

b = depth of honeycomb

Symbols in relation to the impact:

Fiqn, = tangential component of impact force

A = estimated contact area

1, = radius of head

I, = moment of inertia of head (assuming it is a sphere)
ap = rotational acceleration of head

m;, = mass of head

Vean = tangential component of impact velocity

Viano = Initial tangential component of impact velocity

Symbols in relation to the differential equation:
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t = time (0 is instant of impact)

A(t) = shear deformation

A’ (t) = rotational velocity of head

A" (t) = rotational acceleration of head

In the linear-elastic regime of the honeycomb stress-strain curve, shear stress (7) is given by

Hooke’s law:

e=or=0()

The tangential force component applied to the head by the impact (F;,,,) is related to shear stress
on the honeycomb helmet:

Fran = 74

The tangential component of the impact force (F,,,) is given by Newton’s law:

Franth = Inap = Emhrrfah

Fran = %mhrhah

The above equations give an ordinary differential equation:

Emhrhah =G (%)A

GA

() = —( )A®

Mpead” head?

The instant of impact gives the boundary conditions:
A(0) = 0 and v44,(0) = A(0) = Vtan,0

The solution to the ordinary differential is as follows:

A(t) = v(mc’lo) sin( (7:—;)) t)

mhb
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A'(t) = Vign COS ( G4 t)

mpb

GA . GA
A"(t) = — — Vtan,0 sm( —t)

nb mpb
According to the solution of the differential equation, to minimize rotational head acceleration

(A" (1)), the G of the honeycomb must be minimized.
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Appendix C — 3D-Printing Settings

This appendix contains the settings used in Creality Slicer (Creality 3D Technology Co.,

Shenzhen, China) for 3D-printing flat honeycomb samples (Chapter 2 and Chapter 3).

Layer Height &P |0.2 mml
Initial Layer Height * %) |0.3 mml
Line Width D @ |038 mm

Wall Thickness | 0.76

mm l
Wall Line Count | 2 l
Top/Bottom Thickness | 0.9 mm l
Top Thickness [ 0.9 mm l
Top Layers | 0 l
Bottom Thickness [ 0.9 mm l
Bottom Layers [ 999999 l
Top/Bottom Pattern I Lines v |
Outer Before Inner Walls D
Fill Gaps Between Walls I Everywhere v |

Infill Density ) I 100 % l
Infill Line Distance I 0.38 mm l

Infill Pattern | Lines v l

Minimum Infill Area 0 mm?

Printing Temperature PN ) [ 220 °C l
Build Plate Temperature & ) l 60 5 l
Flow 100 %
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Print Speed
Infill Speed
Wall Speed
Outer Wall Speed
Inner Wall Speed
Top/Bottom Speed
Travel Speed
Skirt/Brim Speed

Number of Slower Layers

Enable Retraction
Retraction Distance

Retraction Speed

Retraction Extra Prime Amount

Enable Print Cooling

Fan Speed

Regular Fan Speed at Height

Minimum Layer Time

Build Plate Adhesion Type
Skirt/Brim Minimum Length
Brim Width

Brim Distance

McMaster University — Biomedical Engineering

| 50,0 mims |

| 500 mmys |

D @ |00 mims |
300 mims |

300 mims |

D@ |0 mmys |
1200 mims |

PN’ |40 mm/SI

&P |2

B |3 mml
) I25 mm/sl
[0 mm?

|100.0 %I
l07 mml
10 S

) [500 mm
P " IS.O mm
& [0 mm
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Appendix D — Technical Drawings

This appendix contains detailed and dimensioned drawings of components for shear testing
(Chapter 2) and dynamic impact testing (Chapter 3). The drawings were made in AutoCAD
Inventor (San Francisco, California, USA) and the parts were machined by the author in the

McMaster University Mechanical Engineering Machine Shop.

¥

?.50—"|

AP

Figure D.1: Dimensioned Drawing of Connection from Intron to Shear Apparatus
Dimensions are in inches, part was made of steel.
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Figure D.2: Dimensioned Drawing of Shear Loading Plates
Dimensions are in inches, part was made of steel.
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Figure D.3: Dimensioned Drawing of Intermediate Plates for Shear Apparatus
Dimensions are in inches, part was made of steel.
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Figure D.4: Dimensioned Drawing of Load Cell Connector
Dimensions are in inches, part was made of steel.
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Figure D.5: Dimensioned Drawing of Flat Anvil
Dimensions are in inches, part was made of steel.
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Figure D.6: Dimensioned Drawing of Flat Impactor
Dimensions are in inches, part was made of steel.
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Figure D.7: Dimensioned Drawing of Angled Anvil
Dimensions are in inches, part was made of steel.
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Figure D.8: Dimensioned Drawing of Angled Impactor
Dimensions are in inches, part was made of steel.
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Appendix E - MATLAB Code

This appendix contains important parts of the MATLAB (The MathWorks Inc., Natick,

MA, USA) code used for analyzing data in Chapter 2 and Chapter 3.

o

% QUASI-STATIC COMPRESSION

%% General parameters
initial_height = 25; %thickness of honeycomb/EPS foam sample (mm)
initial_area = 94%94; %area of honeycomb/EPS foam sample (mm"2)

%% Sample data (honeycomb)

force_displacement = csvread('T21-timeforcedisplacement.csv'); %change name
according to sample (force in N, displacement in mm)

displacement = force_displacement(:,2); %mm

force = force_displacement(:,3); %N

strain = displacement/initial_height; %unitless

stress force/initial_area; %MPa

rows = height(force_displacement); %finds number of data points

%draw line with max slope down to x-axis and shift to origin
for i = 40 : 1000
rise = stress(i+10)-stress(i-10); %change in stress
run = strain(i+10)-strain(i-10); %change in strain
slope = rise/run; %approximating instantaneous slopes
s1(i,1) = slope; %fills matrix of slope values
end

[M, start_row] = max(sl(:,1)); %M is max slope, start_row is row M occurs
bvalue = stress(start_row) - (M x strain(start_row)); %current y-intercept
xintercept = -bvalue/M; %current x-intercept

T21strain_data = (vertcat(xintercept, strain(start_row:rows)))-xintercept;
%strain data shifted to origin
T21stress_data = vertcat(@, stress(start _row:rows)); %stress data

%find densification strain
1 = 5000;
while 1 < rows
rise = T21lstress_data(1+10)-T21stress_data(1-10); %change in stress
run = T21strain_data(1+10)-T21strain_data(1-10); %change in strain
slope = rise/run; %approxinating instantaneous slopes
if slope > M %find when slope reaches max slope in linear-elastic regime
Densrow = 1; %current row is when densification occurs
T21Densstrain = T21strain_data(Densrow); %define densification strain
1 = rows; %exit loop
end
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1 =1+ 40;
end

%find U_v (energy absorption per unit volume) and sigma_p (peak stress)
T21stress_before_dens = T21lstress_data(l:Densrow); %stress data points before
densifcation only

T21strain_before_dens = T21lstrain_data(l:Densrow); %strain data points before
densifcation only

T21lenergy_ab = trapz(T21strain_before_dens, T21lstress_before_dens);
%sapproximate intergral of strain w.r.t. strain

T21peak_stress = max(T21lstress_data(1l:Densrow-2000)); %finds peak stress
value

%this code is repeated for each sample
%% Find densification strain - EPS foam

integrate = cumtrapz(EPSlstrain_data, EPSlstress_data); %integrate using
trapazoid method
nu = zeros(rows2,1); %empty matrix for instantaneous energy absorption
efficiency
for i = 2 : rows2

New = integrate(i,1)/EPS1stress_data(i,1); %calculate instantaneous
energy absorption efficiency

nu(i,1) = New; %fill energy absorption efficiency matrix
end
[maxvalue, Densrow] = max(nu); %global maximum of energy absorption
efficiency and row in nu matrix where it occurs
EPS1Densstrain = EPSlstrain_data(Densrow) %find densification strain value

%this code replaces 'find densification strain' in code above for all EPS
%sfoam samples

%% Average data for samples in the same group (ex: regular honeycomb,
relative density = 15%)

T2_Rd = mean([0.1456, 0.1499, 0.1472]); %average relative density of samples
in group

T2strain_data = cat(1,T21strain_plot,T22strain_plot, T23strain_plot);
%sconcatenate strain data for samples in the same group
T2stress_data = cat(1,T21stress_plot,T22stress_plot, T23stress_plot);
%sconcatenate stress data for samples in the same group

T2Xnew = min(T2strain_data):0.001:max(T2strain_data); %resample strain to be
equally distributed

T21Ynew = interpl(T21lstrain_data, T21lstress_data, T2Xnew); %interpolate
sample 1 stress data according to resampled strain data

T22Ynew = interpl(T22strain_data, T22stress_data, T2Xnew); %interpolate
sample 2 stress data according to resampled strain data

T23Ynew = interpl(T23strain_data, T23stress_data, T2Xnew); %interpolate
sample 3 stress data according to resampled strain data

T2Yavg = (T21lYnew + T22Ynew + T23Ynew)/3; %find average of stress at each
strain point
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T2peak_stresses = [T21lpeak_stress, T22peak_stress, T23peak_stress]; %peak
stress for each sample

T2peak_stress_av = mean(T2peak_stresses); %average peak stress in group
T2peak_stress_delta = std(T2peak_stresses); %standard deviation of peak
stress in group

T2peak_stress_SEM = std(T2peak_stresses)/sqrt(length(T2peak_stresses));
%standard error of peak stress in group

T2energy_ab = [T2lenergy_ab, T22energy_ab, T23energy_abl; %energy absorption
per unit volume for each sample

T2energy_ab_av = mean(T2energy_ab); %average energy absorption per unit
volume in group

T2energy_delta = std(T2energy_ab); %standard deviation of energy absorption
per unit volume in group

T2energy_SEM = std(T2energy_ab)/sqrt(length(T2energy_ab)); %standard error of
energy absorption per unit volume in group

%this code is repeated for each group

%% Plot average stress—strain curves

%plot average stress strain curve for each group (ex: each relative
%density)

figure("Stress-Strain")

plot(T1Xnew, TlYavg, 'color',[0.8500 0.3250 0.0980], 'LineWidth', 3)
hold on

plot(T2Xnew, T2Yavg, 'color', [0 0.4470 0.7410], 'LineWidth', 3)

hold on

plot(T3Xnew, T3Yavg, 'color', [0.6350 0.0780 0.1840], 'LineWidth', 3)
hold on

plot(T5Xnew, T5Yavg, 'color', [0 @0.5 @], 'LineWidth', 3)

hold on

plot(T7Xnew, T7Yavg, 'color', [0.9290 0.6940 0.1250], 'LineWidth', 3)
hold on

plot(T6Xnew, T6Yavg, 'color', [0.4940 0.1840 0.5560], 'LineWidth', 3)
hold off

set(gca, 'FontSize',30, 'LineWidth', 2, 'FontName', 'Times')

set(gcf, 'Position',[100,100,1000,700])

xlim([0 0.68])

ylim([0 2.2])

yticks([@0 0.25 0.5 ©0.75 1 1.25 1.5 1.75 2 2.25])

%this code is repeated for each comparison (relative density, 5-7 defects,
strain rate, reusability, honeycomb vs EPS foam)

%% Peak stress data for all groups

Xx_Rd_values = [T1_Rd T2_Rd T3_Rd T5_Rd T7_Rd T6_Rd]; %average relative
density for all groups

Rd_extra = [0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12
T1_Rd T2_Rd T3_Rd T5_Rd T7_Rd T6_Rd 0.29 0.30 0.31 0.32 0.33 0.34]; %extra
values for plotting regression

y_peak_stress = [Tlpeak_stress_av T2peak_stress_av T3peak_stress_av
T5peak_stress_av T7peak_stress_av Té6peak_stress_av]; %average peak stress for
all groups
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[peak_stress_p, peak_stress_S] =
polyfit(log(x_Rd_values),log(y_peak_stress),1); %p returns coefficients for
best fit polynomial on log of rd and peak stresses

peak_stress_regression = polyval(peak_stress_p, Rd_extra); %evaluates
polynomial at each relative density value

mvalue_peak_stress = peak_stress_p(1l); %coefficient of power function
bvalue_peak_stress = exp(peak_stress_p(2)); %exponent of power function
R2_peak_stress = 1 - (peak_stress_S.normr/norm(log(y_peak_stress) -
mean(log(y_peak_stress))))”2; %find coefficient of determination (R"2)

skull_fracture_threshold = 1.46; %from literature (MPa)

figure("Peak Stress")

err = [Tldelta, T2delta, T3delta T5delta T7delta Tédeltal]; %standard
deviation for peak stress in each group

errorbar(x_Rd_values, y_peak_stress, err, '.r', 'MarkerSize', 50,
'LineWidth', 3) %make points with standard deviation error bars
xlim( [0 0.285])
ylim( [0 2.25])
xticks([0 0.05 0.1 0.1
yticks([0 ©0.25 0.5 0.7
hold on

plot(Rd_extra, bvalue_peak_stress*Rd_extra.”mvalue_peak_stress, ':k',
'LineWidth', 3) %plot regression

hold on

yline(skull_fracture_threshold, '--r', 'LineWidth', 3) %plot skull fracture
threshold

hold off

set(gca, 'FontSize',30, 'LineWidth', 2, 'FontName', 'Times')

set(gcf, 'Position',[100,100,1000,700])

5 0.2
511 .5 1.75 2])

%this code is repeated for each comparison (relative density, 5-7 defects,
strain rate, reusability, honeycomb vs EPS foam)

%% Energy absorption per unit volume data for all groups

y_energy_ab = [Tlenergy_ab_av T2_energy_ab_av T3energy_ab_av T5energy_ab_av
T7energy_ab_av T6energy_ab_av]; %average energy absoption per unit volume for
all groups

[energy_ab_p, energy_ab_S] = polyfit(log(x_Rd_values),log(y_energy_ab),1); %p
returns coefficients for best fit polynomial on log of rd and energy
absorption

energy_ab_regression = polyval(energy_ab_p, Rd_extra); %evaluates polynomial
at each relative density value

mvalue_energyab = energy_ab_p(1l) %coefficient of power function
bvalue_energyab = exp(energy_ab_p(2)) %exponent of power function

R2_energyab = 1 - (energy_ab_S.normr/norm(log(y_energy_ab) -
mean(log(y_energy_ab))))”~2 %find coefficient of determination (R"2)

figure("Energy Ansorption per Unit Volume")

err = [Tlenergydelta T2energydelta, T3energydelta T5energydelta T7energydelta
T6energydeltal; %standard deviation for enerby absorption in each group
errorbar(x_Rd_values, y_energy_ab, err, '.b', 'MarkerSize', 50, 'LineWidth',
3) %make points with standard deviation error bars

138



M.A.Sc. Thesis — Annie King McMaster University — Biomedical Engineering

xlim([0 0.3])

ylim( [0 inf])

xticks([0 0.05 0.1 0.15
yticks([0 0.2 0.4 0.6 0.
hold on

plot(Rd_extra, bvalue_energyabxRd_extra.”mvalue_energyab, ':k', 'LineWidth',
3) %plot regression

hold off

set(gca, 'FontSize',30, 'LineWidth', 2, 'FontName', 'Times')

set(gcf, 'Position',[100,100,1000,700])

0.2 0.25 0.3])
8 1.0 1.2 1.4 1.6 1.8 2.0])

%this code is peated for each comparison (relative density, 5-7 defects,
strain rate,
%reusability, honeycomb vs EPS foam)

%% QUASI-STATIC SHEAR

%% General parameters
initial_height = 10; %thickness of sample to determine stress/strain (mm)
initial_area = 120x74;

%% Sample data

Force_displacement = csvread('ST01S1-forcedisplacement.csv'); %change name
according to sample (force in N, displacement in mm)

Displacementdata = Force_displacement(:,1); %mm

Forcedata = Force_displacement(:,2); %N

strain = Displacementdata/initial_height; %unitless

stress = Forcedata/initial_area; %MPa

rows = height(Force_displacement); %finds number of data points

%filtering peaks due to movement of the test apparatus

starta = 48; %row where movement starts (chosen by observing data)

enda = 154; %row where movement ends (chosen by observing data)

valuea = strain(enda)-strain(starta); %range of strain during movement
straina = vertcat(strain(1l:starta), (strain(enda:rows)-valuea)); %shifted
strain data

stressa = vertcat(stress(l:starta), stress(enda:rows)); %new stress data
rowsa = height(straina); %new number of data points

%srepeated for all occurances of movement of the test apparatus

%linear regression on portion of graph before elbow
i=1;
while i < 2000
if stressa(i) > 0.2 %observed elbow
chooserow = 1i;
i = 2001; %exit loop
end
i=1+1;
end
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[p, S] = polyfix(straina(l:chooserow), stressa(l:chooserow), 1, straina(1l),
stressa(l)); %p returns coefficients for best fit polynomial on stress and
strain

lregression = polyval(p, straina(l:chooserow)); %evaluates polynomial at each
strain value

mvalue = p(1l); %slope of linear regression

bvalue = stress(1l) — (mvalue * straina(l)); %y-intercept of linear regression
xin = -bvalue/mvalue; %x-intercept of linear regression

ST@1S1strain = vertcat(xin, straina)-xin; %strain data shifted to origin
STO1S1stress = vertcat(®, stressa(l:rowsa)); %stress data
STO1S1G = mvalue; %sample shear modulus

%this code is repeated for each sample

%% Average data for samples in the same group (ex: relative density = 14%)
STO1_Rd = mean([ST@1S5_Rd ST@1S6_Rd ST@1S7_Rd]); %average relative density of
samples in group

STO1_Rdsd = std([ST@1S5_Rd ST@1S6_Rd ST01S7_Rd]); %standard deviation of
relative density for samples in group

ST@lstrain_data = cat(1, ST@1S1lstrain, ST@1S2strain, ST@1S3strain);
%sconcatenate strain data for samples in the same group
ST@lstress_data = cat(1l, STQ@1Slstress, STO1S2stress, STO1S3stress);
%sconcatenate stress data for samples in the same group

STO1Xnew = min(ST@1lstrain_data):0.0001:max(STO1lstrain_data); %resample strain
to be equally distributed

STO1S5Ynew = interpl(ST@1S5strain, ST@1S5stress, STO@1lXnew); %interpolate
sample 1 stress data according to resampled strain data

STO1S6Ynew = interpl(ST@1S6strain, STO1S6stress, STO1lXnew); %interpolate
sample 2 stress data according to resampled strain data

STO1S7Ynew = interpl(ST@1S7strain, ST@1S7stress, STO@1lXnew); %interpolate
sample 3 stress data according to resampled strain data

ST@lYavg = (STO1S5Ynew + STQ1S6Ynew + ST@1S7Ynew)/3; %find average of stress
at each strain point

STO1Gs = [ST@1S5G STO1S6G STO1S7G]; %shear modulus for each sample
ST@1Gav = mean(ST@1Gs); %average shear modulus in group
ST@1stdevG = std(STQ1Gs); %standard deviation of shear modulus in group

%this code is repeated for each group

%% Plot Stress—Strain
%plot average stress strain curve for each group (ex: each relative density)

figure("Stress-Strain")

plot(ST@1Xnew, ST@lYavg, 'color',[0.8500 0.3250 0.0980], 'LineWidth', 3)
B?ég(g$015Xnew, ST@15Yavg, 'color', [0 0.4470 0.7410], 'LineWidth', 3)
B?ég(g$02Xnew, ST@2Yavg, 'color', [0.6350 0.0780 0.1840], 'LineWidth', 3)
B?ég(g$025Xnew, ST@25Yavg, 'color', [0 0.5 @], 'LineWidth', 3)
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hold off

set(gca, 'FontSize',30, 'LineWidth', 2, 'FontName', 'Times')
set(gcf, 'Position',[100,100,1000,700])

xlim( [0 3.51)

yticks([0 ©0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25])

%this code is repeated for each comparison (relative density, 5-7 defects,
strain rate, reusability, honeycomb vs EPS foam)

%% Shear modulus data for all groups (relative densities)

y_Gs = [ST@1lGav ST@15Gav ST@2Gav ST025Gav]; %average shear modulus for all
groups

x_rdvalues = [STO1_Rd STQ15_Rd ST02_Rd ST@25_Rd]; %average relative density
for all groups

[p, S] = polyfit(log(x_rdvalues),log(y_Gs),1); %p returns coefficients for
best fit polynomial on log of rd and shear modulus

Gregression = polyval(p, Rd_extra); %evaluates polynomial at each relative
density value

mvalue = p(1l); %coefficient of power function

bvalue = exp(p(2)); %exponent of power function

R2G = 1 - (S.normr/norm(log(y_Gs) - mean(log(y_Gs))))”2 %find coefficient of
determination (R"2)

figure("Shear Modulus")

err = [ST@1stdevG ST@15stdevG ST@2stdevG STO25stdevG]; %standard deviation
for shear modulus in each group

errorbar(x_rdvalues, y_Gs, err, '.r', 'MarkerSize', 50, 'LineWidth', 3) %make
points with standard deviation error bars

hold on

plot(Rd_extra, bvaluexRd_extra.”mvalue, ':k', 'LineWidth', 3) %plot
regression

xlim([0 0.3])

ylim( [0 2])

yticks([@ ©0.25 0.5 0.75 1 1.25 1.5 1.75 2])

set(gca, 'FontSize',30, 'LineWidth', 2, 'FontName', 'Times')

set(gcf, 'Position',[100,100,1000,700])

hold off

%this code is repeated for each comparison (relative density, 5-7 defects,
strain rate, reusability, honeycomb vs EPS foam)

%% SMALL-SCALE IMPACT TESTING
initial_height = 25; %thickness of sample to determine stress/strain (mm)
initial_area = 94%94; %area of sample

%% Sample data (flat impact scenario)

importforce = xlsread('honeyflatl.xlsx'); %change name according to sample
(force in N)

importdef = xlsread('defmeasurements_imageJ.xlsx"'); %position data from
Imaged (mm)

importdef(1:8,3); %position data from imageJ (mm)
positiondef - positiondef(1); %deformation data (mm)

positiondef
deformation
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force = importforce(:, 4); %force data from loadcell in z-direction (N)
startforce = mean(force(1:8000)); %average force value before load is applied
forceadjusted = -(force - startforce); %zero force data

timelabview = 0.00002:0.00002:5; %time values according to sampling rate of
50000Hz

timelabview2 = timelabview(:); %make columns into rows

timelast = height(timelabview2); %number of data points

%find where force starts to increase (i.e. moment of impact)
i=1;
while i < rows
if forceadjusted(i) > 75 %using 75 N as preload
start = i;
1 = rows+1l;
end
i = i+2;
end
startforce = forceadjusted(start); %first force value after preload

%sresample force data

timenew2 = timelabview2(start):(1/7500):timelabview2(timelast); %downsample
time values according to sample rate of high-speed camera

timenew3 = timenew2(:); %make columns into rows

forcenew = interpl(timelabview2(start:timelast),
forceadjusted(start:timelast), timenew3); %interpolate force values according
to down sampled time

forcenew2 = forcenew(:); %make columns into rows

points = height(deformation); S%number of strain data points from first
contact to max strain

forcedata = forcenew2(1l:points); %force data starting at preload (syncs with
strain)

soutcomes
HFlstrain = deformation/initial_height; %strain data points
HFlstress = forcedata/initial_area; %stress data points

HF1lpeakstress = max(forceadjusted)/initial_area; %peak stress value
HFlenergyabsorbed = trapz(HFlstrain, HFlstress); %energy absorption per unit
volume until max strain

%this code is repeated for each sample

%% Sample data (angled impact scenario)

theta = 135; %angle for rotation matirx

importforce = xlsread('honeyobliquel.xlsx'); %change name according to sample
(force in N)

% stress data

force_i = importforce(:, 1); %force data from loadcell in the x-direction (N)
force_j = importforce(:, 3); %force data from loadcell in the z-direction (N)
force_s = force_ixcosd(theta) - force_jxsind(theta); %find shear force data

using rotation matrix
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force_c = force_ixsind(theta) + force_jxcosd(theta); %find compressive force
data using rotation matrix

force_s1 = force_s — mean(force_s(1:8000)); %zero shear force data

force_cl = force_c - mean(force_c(1:8000)); %zero compressive force data
timelabview = 0.00002:0.00002:5; %time values according to sampling rate of
50000Hz

timelabview2 = timelabview(:); %make columns into rows

rows_s = height(force_s1); %number of shear data points

rows_c = height(force_cl); %number of compression data points

%find where shear force starts to increase (i.e. moment of impact)
i=1;
while 1 < rows_s
if force_s1(i) > 75 %using 75 N as preload
start_s = 1i;
1 = rows_s+1;
end
i = i+2;
end

%find where compressive force starts to increase (i.e. moment of impact)
i=1;
while 1 < rows_c
if force_cl1(i) > 75 %using 75 N as preload
start_c = 1i;
1 = rows_c+1;

end

i = i+2;
end
force_s2 = force_sl(start_s:maxforcerow_s); %first shear force value after
preload

force_c2 = force_cl(start_c:maxforcerow_c); %first compressive force value
after preload

soutcomes

HOlstress_s force_sl/initial_area; %shear stress data points

HOlstress_c force_cl/initial_area; %compressive stress data points
HOlpeakstress_s = max(force_s1(1:17000))/initial_area; %peak shear stress
value

HOlpeakstress_c = max(force_cl)/initial_area; %peak compressive stress value

%this code is repeated for each sample

%% Average data for samples in the same group
% ex: flat, slow impact scenario)

HFslowpeakstresses = [HFlpeakstress HF2peakstress HF3peakstress] %peak stress
values for all samples in a group

HFslowpeakstress_mean = mean(HFslowpeakstresses) %mean peak stress for group
HFslowpeakstress_stdev = std(HFslowpeakstresses) %standard deviation in peak
stress for group

HFslowenergyab = [HFlenergyab HF2energyab HF3energyabl] %energy absorption per
unit volue values for all samples in a group
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HFslowenergyab_mean = mean(HFslowpenergyab) %mean energy absorption per unit
volume for group

HFslowenergyab_stdev = std(HFslowenergyab) %standard deviation in energy
absorption per unit volume for group

%this code is repeated for each group

%% Example t-test

% flat, slow versus fast impact scenarios. outcome: peak stress)

diffmeans = HFfastpeakstress_mean — HFslowpeakstress_mean %difference in
means between groups

diffpercent = (diffmeans/HFslowpeakstress_mean)*100 %percent difference in
means between groups

[h,p] = ttest2(HFslowpeakstresses, HFfastpeakstresses) %t-test: h is whether
or not a statistical difference is found, p is p-value

%this code is repeated for all t-test comparisons

%% Example 1-way ANOVA
% flat, slow impact scenario. first vs second vs third repetition. outcome:
peak stress)
peakstresses = [HFlpeakstress HFlbpeakstress HFlcpeakstress;
HF2peakstress HF2bpeakstress HF2cpeakstress;
HF3peakstress HF3bpeakstress HF3cpeakstress]; %columns are groups of data

means = [mean([HFlpeakstress HF2peakstress HF3peakstress])

mean( [HF1bpeakstress HF2bpeakstress HF3bpeakstress]) mean([HFlcpeakstress
HF2cpeakstress HF3cpeakstress])] %mean for each group

stds = [std([HF1lpeakstress HF2peakstress HF3peakstress]) std([HFlbpeakstress
HF2bpeakstress HF3bpeakstress]) std([HFlcpeakstress HF2cpeakstress
HF3cpeakstress])] %standard deviation in each group

[p,tbl,stats] = anoval(peakstresses, [], 'off'); %returns p-value, ANOVA
table, and info for multiple comparisons
¢ = multcompare(stats); smultiple comparisons post hoc tukey test

%this code is repeated for all 1-way anova comparisons

% Example 2-way ANOVA
flat, slow versus fast impact scenarios & first vs second vs third
repetitions. outcome: peak stress)
peakstresses = [HFlpeakstress HF5peakstress;
HF2peakstress HF6peakstress;
HF3peakstress HF7peakstress;
HF1lbpeakstress HF5bpeakstress;
HF2bpeakstress HF6bpeakstress;
HF3bpeakstress HF7bpeakstress;
HF1lcpeakstress HF5cpeakstress;
HF2cpeakstress HF6cpeakstress;
HF3cpeakstress HF7cpeakstress]; %columns are groups of data, sets of 3
rows are groups of data

o)
-
o)

-

samplesize = 3; % Number of samples in each group
[~,~,stats] = anova2(peakstresses, samplesize);
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cl
c2

multcompare(stats, 'direction', 2);
multcompare(stats,"Estimate"," row");

%this code is repeated for all 2-way anova comparisons

%% Example box and whisker plot
% flat, slow. honeycomb versus EPS foam. outcome: peak stress)
peakstresses = [HFlpeakstress EFlpeakstress;

HF2peakstress EF2peakstress;

HF3peakstress EF3peakstress]; %columns are groups of data

means = [mean([HFlpeakstress HF2peakstress HF3peakstress])

mean( [EFlpeakstress EF2peakstress EF3peakstress])] %mean for each group
std = [std([HFlpeakstress HF2peakstress HF3peakstress]) std([EFlpeakstress
EF2peakstress EF3peakstress])] %standard deviation in each group

figure("Box and Whisker")

b = boxchart(peakstresses, 'MarkerStyle', 'x', 'MarkerSize', 10, 'LineWidth',
3)

hold on

plot(means, '.', 'MarkerSize', 30, 'Color', [0.6350 0.0780 0.1840])
set(gca, 'FontSize',30, 'LineWidth', 2, 'FontName', 'Times')
set(gcf, 'Position',[100,100,750,750])

set(gca, 'XTickLabel',{' '})

b.BoxFaceColor = [0 0.4470 0.7410]

box on

ylim([0.9 2.5])

yticks([1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4])

%this code is repeated for all comparisons
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Appendix F — LabView Program

This appendix contains the LabVIEW back panel programming for the collection of data

from the load cell and high-speed camera in flat and angled impact testing (Chapter 3).

***** ]
i

b o

o}y

Figure F.1: Data Collection Program Back Panel
Triggers load cell and high-speed camera data collection.
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